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An Assessment of the Validity of the Clausius-Clapeyron
Equation for Phase Transformations in Solids

Richard James
Division of Engineering
Srowm Universicy
Providence, RI 02912

mcmmmm.munuh&mmchm :
absorbed in a slow phase transformation and derivative of the equilibrium
pressure with respect to temperaturs. It can be generalized easily to
thermoslastic eolids, subject to nomliydtostatic stress, sad as such it
m‘muhammofthw-o!mum-
formations in solids.

lh!mmlytmhm:lhm I&huu.nuquoofm
materisls beloaging to the class of ghape-mewory materizls, which sppesr
to be therwisladtic meterials, for which the Clsusius-Clapeyrom
fails. mmmm.mmanm:mam:
tor example, and even for soul of the shape-wisory allouye st high
mm.m.mdutbmmwmw
quite well with obearvations.

To understand how the Clamsiue-Clapayron equation may fail and to
mmeummmummn.xmxmmww
from whith it 1s deviwid. ﬁ:c mwmwmy
criterion from which the ‘foliows, wiila

for nmmmmguhmbnnnu&u ruuu.
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Elasticity as a Gauge Theory

I. A. Kunin
Dept. of Mechsnical Engineering
University of Houston, TX 77004

It is well known that the development of the contemporary physics
of olementary particles is closely connected with gauge theories. Re-
cently, it was found [1,2] that the theory of dislocations and discli-
nations can be developed as a gauge theory starting from classical
elasticity. This approach has led to interesting new results in the
theory of defects.

In this paper, we show that linear amd nomlinear elasticity are
slso gauge theories. This permits one to undsrstand batter the group-
theoretical background of elasticity, as well as group invariance pro-
perties of solutions of the equations of elasticity.

1. A. A. Golebiewska-Lasots, Int. J. Engag. Sci., 17, 263 (1979).

2. A. Ksdi€ and D. G. B. Edelen, Int. J. Engng. Sci., 20, 433 (1982).
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A Review of Acoustic Propagation in the
Atwosphere

W. K. Van Moorhems
Mechanical and Industrial Engineering Department
University of Utah
Salt Lake City, Dtah 84112

The propagation of acoustic signals in the atmosphere was one
of the first areas investigated after the orgin of the science of
acoustics. After several hundred years wnderstanding of the major
phenomena occuring in atmospheric propsgstion is not yet complete.

The propagation of acoustic signals in the atmosphers is
dominated by six major effects, geometrical spreading, atwospheric
sbsorption, reflection from the ground surface, refraction due to
gradients in the speed of propagation, scattering from turbulence,
and diffraction around obstacles. Present understanding of these
phenomena ranges from essentislly complete to very poor, Each of
these areas is discussed in terms of the level of present understand-
ing and in terms of its implications for long range acoustic props-
gation modeling.

Today's Micrometeorology Applied to
the Interpretation of Outdoor Sound Propagation

. ——

Damnis W, Thomson
Meteorology - Pennsylvania State University
506 Walker Building
University Park, PA 16802

Contemporary field messurements and models of the
atmosphere's surface and planetary boundary layers have been
used to examine the spatial and temporal characteristics of
sound propagating outdoors. From a micrometeorologist's
point~of-wiew the characteristics of propagsting sound ave so
sensitive to ambient velocity and temperature gradients that
signal behavior can provide a viable "indirect™ measuve of
atmospheric structure and processes. Specification of the
atmospheric refractive index enviromment for scoustic
propagation studies has been, generally, inadequate to
facilicate examination of the mechanisms respomsidble for, o
in particular, observed gignal fadimg. This paper reviews ‘ Lo
mdthods for evaluating signal amplitude and phase variations Lo
resulting from characteristic mean gradient and turbulemt Y T
wvelocity and tempersture fluctuations in the lower atmosphere. i ;
Particular sttention {s devoted to problems of sound propa-
gation in complex terrain environments in which the rc!ucuvu
index field is not generally horisontally homogeneous.
Rescommendations for needed field experiments are also
susmarized.

-
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NMERICAL TECEWIQUES IN TURROPAN
INLET ACOUSTIC SUPPRESSOR DESICN

Fenneth J. Bauwimister
NASA Lewis Research Center
Cleveland, ON 44135

"Steady" state finite element theories and tramsient fiaite
difference theories are currently being applied to the design of acousti-
cally treated nacelles of turbojet engines. In this paper, numerical
theories in conjunction with previously published snalytical results are
used to estimate the performance of an acoustic liner in a typical engine
installation.

First, some background information on amalyticsl and mumericasl
techniques in duct acoustics is presented. In psrticular, a bibliography
of numerical techniques in linesr duct acoustics is included. Next, a
procedure is presented for using previously published analytical results
as the starting point of the numerical calculstions. The importance of the
cut-off ratio in the design is emphasized. Immedistely following, & pro-
cedure for applying the numsrical techniques is presentad. The coupling
between the duct and the far field in the numerical analysis is shown to
significantly effect the predicted attenuation. Some design calculations
are then presented which compare shslytical, mmerical, and experimantal
results for a commercisl JT15D turbofan engine. Finally, the limitations
of present numerical theories are discussed and future work is outlined.

FINITE DIFFERENCE SOLUTION TO A ONE-DIMENSIOMAL
NONLINEAR PROBLEM IN ACOUSTICS

K. J. Walkington, W. Eversman
Department of Mechanical Enginsering
University of MO-Rolla, Rolla, MO 65401

Linear acoustic theory is used extemsively to solve problems in duct
acoustics. In regions of high Mach number this theory fails as shown by
the Pubini solution for plane waves in uniform ducts and more receatly by
the work of Myers and Callegari (1] for mon-uniform ducts. Thers is also
experimental evidence to suggest that subsonic choking may occur which
hés not besn predicted by linear theory.

The finite difference method is employed widely to obtain spproximate
solutioas to traseonic flow problems. This method bas been adapted here to
solve a nonlinesr scoustics problem. In order to limit the computational

 demands a one-dimensicnsl model is considered. A method of modeling noise

sources and smechoic terminstions is developed by comsidering the charac-
teristics of the gas dymaxic equations.

Preseantly only centinwous solutions have besn sought, however, work
uemtlymm“mﬂtmmuunhlw
soletions. The results obtained to dats are ia good agresmsat with thoee
obtaimed by Fubini ead Nyers aad Callegari.

1. Nyers end Callegsri. Sownd in Ducte Containing Wearly Choked Flows.
ALAA-79-0623.
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OPTDAL DESICR OF VIBRATING
KLASTIC-VISCORLASTIC SANIWICH BRAMNS
5. L. Pesroen

Departmant of Aerospace
Iowe State Usniversity, Ames, IA

Thia topit festeres the spplicstion of en eptimal :
coatrol Mﬁhgoaiucmumtmmm
structural design problems. Soth slastic sad viseoelastic

distridbutions serve ae coutrol fusctions. Bumerical
results are presentéd, :

PIOSLIS OF SRADS. OPTTMNAL DESION
r for Computer Aided Design
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Transformation Methods for Optimsl Structural Design

. an.mﬂdaﬁk&hou :
! i Division of Mitdrstals Naginsering -
The Universtity of lows, fows City, 1A 52“2

The paper presents & geverel. t:.-mtk for the efficiemt uee of
transformation methods ina optismal desfy 2 sral &nd ‘Sechenical
systems. The term "tramsformsticn od" ﬁ,;jugi,‘m describe sny wethod
that solves the constrained optimizetion problass by trameformiog it into
one or more uoonstrained problems. Tram stion methods include
multiplier -nbd-,m sid tugerior piul:y function methods.

Meny of the cnunsu functions in optimal structural mfn ave implicit
functions of desiph warisbice. mmﬁhm«mm
functions mekas it weky expe .
— methods essentially @k e o1l oo

‘tranafo -m« n-a;.u‘m g f'w- ”'mm
tr rmation ) % this paper the ¢

: ‘&...m:. £ this tunct iond)

‘ without mle of the inlividsdl consttatat functioms

. vcmmummmmuuxmmm-n
x pressnted. Tha methods of computing the gradient of the tramsformetion oo
functional is described, and detailed opsration counts are givem to demon-
strate significant savings in the suggested approsch over the two other: TR
mwuttﬁlncm mmmmmwumm S

thea pnm um; L] uq-u the p-uqu of a fm:mn m discussed.

1. More, 3. 8., Teig, & J.¢. and s....mmu PR
m:nlm MW‘;“M PRSI

At R \ L.

oGl




118

i i

il m:. w
Wm ifiits _m”..__ r

,.*_“ m
wm. m. _

h
mx_

——
2. of Agypl

uﬂ' o
Tylee, J.8.,

*

s, 1967,

~t v Vb9, X

-wmnu—m
m ‘:M O“-
. 1978,

" 3

jor, J.8. c.t.
Toxuhad, N., "¢

. il
ot

w

ot

gL

.

Aond, A.K.

.
L]
2 ]




Orgeniser st Glairpérscai “Lil.N. LEE, Untversity of

Netre Dame

co-mtms ¥.D, vEasTER, Mul bun t-ut-n

* 9:30 - 10:00

* 10:00 - 10t%0

10130 - 11360
* 11:00 - 11:30

* 11130 - 1260
12:00 - 12:13

12318 - ‘l2§30

M. Jo m-llb. B, Ml, s-u.luu-n

Ladoratoriess

"Analytical sud Riperimesicsl Studies on Penstration
into Geological Targets”

K. 5, BAVMRR, Worth Catolfes State Datwersity:

A%aﬁn&u«numhmnum
cq-ﬁt-‘ Crystallie &

B. Nenssaluer PoY: Inptitute b
Mw:i;. m w’tﬁ:- Tdeattficatidn d
Q.t. -lw.'!. Jl. nu-
mmdw
md’.low’m.ﬂm
m
mtammuqumw
:.‘vm-ui. R. 30NN, Tochatsy-lsresl Dustitute
‘o!vudpuuumuldl




Analytics? omé Enperinants] Studiss
sr Penstration im Gentogicat Torgets*

n.s.mm;.t.m

s-utc Sattoss! Loterstories
Mbsgarqus, 8. K. $7N85

Severs! o 28 te seleis abich progiet forces o rxu
:pumnxmmmw.nmm 1::":

| : ory

! scale experinests and field tavty. Constitutive description of {

: the tergets is gutéed by trisxtal ssterisl Suss dete for dvry reck, '

contrete, and seu fce. MWWS"“M”I .

TYEST work Wit apportEt $. Sepertaent of fnergy
ntmr.s.m,w.’n mw. tes




L4

On the Existence of Plastic Potentials in Metal
and Crystalline Aggregates at Pinite Strain®

Kerry S, -Hamer

Department of Civil Nerth Carolina State University
Raleigh, N, C. 27630

() um.'l.-um.x. . Perspectives in the mechasics of slasseplastic
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On Conditions for Validity of Simple Msthods for
Plastic Analysis of Pulse-Losded Structures

P. 8. Symonds and W. T. Fleming, Jr.
Division of Enginesring
BSrowa University
Providence, Rhode Island 02912

In the snslysis of dynamic plastic response of structures to
pulse loading, certain idealizations form the basis of s body of theory

-and practicsl techniques. The ideslisations include those of static

limit snalysis: rigid-perfectly plastic behavior and negligible
geometry changes. The further ideslizations of homogensous stress-
strain rate relations end of piecewise comstsnt loading make possidle
an attrective “simple rigid-plastic™ (SEF) theory for dyamaic response.
Within this theory upper and lower bounds are provided on rssponse
deflections and times; it is shown that the velocity patters tesds
toward a mode form} efficieat methods for determisning these fundamen-
tel mode form solutions are derived; sad they are the basis for approxi-
mate techaigues. Amalogous to the limit theorems of ‘ststic anslysis,
the several estimstion techaiques provided by SRP theory are extra-
ordinerily simple. The actmal dywemic resposse, with sixed elastic/
plastic/visceplastic hahaviors at lerge strains and daflections, is
complex. Wull details can Be obtuined omnly by musericsl programs of
considerable sise and soghisticetion. The simple techniques mest o
woad. Unfortwmstely it is difficult to predict vhea they are valid,
for load pulees of arbitrary magmitude and shepe. Theare is a paucity
of comparisons either with complets numerical solutions or with
experiments.

The present peper mshes use of a large finite elemest program!
capable of treating meterial and geometrical nomlinearities to
compsre certain key festures of the complete rgsponse with those pre-
dicted by an SEP asalysis and by several estimation techuniques based
on it. These comparisons, particularly of emergy dissipation rates
and of the changing partition of plastic work over the strueturs,
show the masning of criteria for SRP anslysis involving enmergy input
snd pulse duration parsmeters. They also clarify the significance of
the mode spprozimstion technique snd of simplified elastic-plastic
tre s based on separation of elastic and plastic response
stagesérd,

1. Program ABAQUS kindly provided for our resesrch by Nibbitt and
Rarlsson, Inc., Providesce, RI.

2. P. 8. m’ J. Noch. h- “im. Yol. u, ”w- ‘."1’7' 1980.

3. P. 8. Synonds, is Dynenic Beepouse of Strectures, ASCE, Wev York,
”. m‘”‘. 1900,
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EFFECT OF ADIABATIC SHEAR ON HIGH-VELOCITY MENETRATION

Tuothy G. Trucaty snd Démmis B. GCrady*®
Samdia NationsI Lé¥orstories
Alboquerqus, Wew Nexico 87185

Abgtract

W report the results of an experimwntal and computational effort
focused on idmtifying the effevts and significance of sdiafstic slear
band formation in metsl pesatration phiewodsna. In the experiamits that
wers perforwed, s hardensd’ stesl SHhere iEpectsd tawgets of 606116
slusinus. THE ispect velovity varied frow 0.6 to 1.4 w/sec. T™He
targets were luxge envwyghi to Bw treasted aw fufinite Relf-wpaces in the
analysis: and csloulations. Oepth of pwhetration and target microstruc~
tury werw chowrved oo csoh enputisent, and coupsred vitk the redults
wwmmwmnmmm eur

mmanmmmummmeym
Computation and snalvede perforand indtcated that tRersinl
ad/or thermal shear locwiisation duew strongly inflesnos the dysmmiic
pewestration growews. Culculistions: whioh 414 not ewplicitly scéousne
mmmmmz £ predict the dwrved” Sipthe

v Sowewer, we have found that the ispovtancs of theriml
mw«n-t sheur loculisaCiow i¢ mot oy dignificsnt as
freviowsly reported by Stsok end Thiospeon. )

*Thie vork perforwnd by Sawils Wptionsl LaBoratories supported by the
U. 8. Department of Shurygy under contract nuler DN-AC04=T6-DI00TEY.

1. 7. A. C. Stook ol K. Ko Lo w Mhlr'ieal Trans. Vol. 1'
219 (1970).
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DYNAMIC PERFORATION OF VISCOPLASTIC PLATES
BY RIGID PROJECTILES* -

by
M. Ravid and S.R. Bodner
Faculty of Mechanical Engineeing
Technion ~ Israel Institute of Technology
Haifa 32000 Israel

Abstract

A model is formulated for the dynamic perforation of
viscoplastic plates by rigid projectiles. The process is
considered to occur in five continuously coupled but
distinct stages which are amenable to analytical treatment.
An essential feature of the analysis is the use of
postulated, physically motivated deformation mechanisms {
in conjunction with the upper bound theorem «* plastt® iy
theory which is modified to include dynamjc uifects.
Special attention is given to the bulging p:ocess and
effects assoclated with the later stages. This madel is
i self-contained and devoid of empirical factors. It

predicts the exit velocities of the projectile and the
plug and also the plug shape, provides the force-time
' history of the process, and describes a number of
geometrical features of the transient and final deforma-
tion state of the target plate.

i o

o . S——

-

*The research work reported in this paper has been
sponsored in part by the U.S. Army (European Research
Office, London) under Contract DAJA37-81-C-0047.
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EXTENSION OF BOUNDARY ELEMENT METHOD
TO LIFTING SUBCRITICAL FLOWS

G.F. Carey and S.W. Kim
Texas Institute for Computational Mechanics
The University of Texas at Austin

Abstract:

The boundary element nthodu] is extended here to analysis
of incompressible flows with circulation I'. The Kutta condition is
applied in two different approaches to show how the flow field and
circulation can be efficiently determined. Numerical results have
been computed for NACA 0012 airfoil at angle of attack a and com-
puted life coefficient compared with experimental results. A
detailed discussion is given in [2]. In a second part of the in-
vestigation we indicate how the method may be extended further to
treat compressible flows using a Rayleigh-Jantzen type perturbation
expansion and appropriate divergence manipulations to obtain the
desired boundary integral form. The approach is currently being
implemented in the boundary element program.

References:

1. Brebbia, A.C., Boundary Element Method for Engineers,
Pentech Press, London, 1978.

2. Carey, G.F. and S.W. Kim, "Lifting Airfoil Calculations
Using the Boundary Element Method", submitted to Int. J. Numer.
Math. Fluids, 1982.

3. Carey, G.F., "Extension of Boundary Element Method to
Subcritical Flows”, in Proc. Finite Rlements snd Fluids, Tokyo,
August 1982 (to appear). .

b s S




APPROXIMATE DETERMINATION OF STRESSES AND DISPLACEMENTS
NEAR A ROUNDED NOTCH —- A BOUNDARY INTEGRAL APPROACH
Arthur R. Robinson
Professer of Civil Emgineering
University of Illinods at Urbana-Champaign
ABSTRACT

The plane elasticity solution -for a loaded body having a netch with
a coatinuously turning comtour will clesrly vesult in stvesses and dis-
placements mear the notch that are stromgly depsadeat en the details of
the contour of the notch. Yet, at points in the body situated at a
distance from the netch equal vo a large multiple of its smsllest radius
of curvature, the stresses ¥ill be almost indistimguisheble frem what
would be-chtained were the notch sharp. A method (s devaloped using a
boundary integral squation technique thet readily leads to solutioas
baviag this general chsracter.

The preocedure mahes uee of earlier werk for a sharp msotch that
intveduced new types of singularities in the bountiary integral eqeation
nmethod. These axe singularities that hawe long been known to describe
the behavior near a sherp notch. In the present work, modificatioss of
the earlier technique are made to arrive st a ssries of fundesmentsl solu-
tions all of which satisfy the boumndary comditiens on the contour of the
notch. The coefficisnts of the series are gemeralized coordinates which
are determined from bewandary integral eguatiomns.

The method doss not suffer from errors due to the crowding of poiunts
in the highly curved part of the boundary. It has besn fouad to give
sccurate and numerically stable results with quite small cowmputatiesmsl

affort.
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THE METHOD OF FUNDAMENTAL SOLUTIONS FOR ELLIPTIC BOUNDARY VALUE PROBLEMS

6. Fairweather R.L. Johmston

Mathematics Department Computer Science Department

University of Kentucky " University of Toronto : .
Lexington, KY 40506 Toronto, Canada MSS 1A7 :

A useful technique for the mmerical solution of certain elliptic
boundary value problems is the boundary integrsl equation method (BIEM),
which is applicable when a fundamentsl solution of the differential equa-
tion in question is known. In this method, such a solution is combined
with the desired solution through & reciprocal theorem to reformulate the
boundary value problem as an integral equation on the boundary of the
domain of the problem. A boundary method of more receat viatage is the
method of fundamental solutions (WPS), [1,2], which has some of the char-
acteristics of the BIEM, and several advantages over this method. In the
NFS, the desired solution u is approximated by a function uy of the form

(et = [, ¢y kQ) L P e,

where Q cR® is the domain of the problem with boundary 30, f{i=0 .33,
K(P,Q is a fundsmental solution of the differeatisl equation, o; -
(€1,62,...,cy)T, and t is an nN-vector giving the coordinates of the sin-
gulu- ties, Qi, j=1,...,N, which lie outside {i. If the boundary comdi-
tions are of ho form Bu=0, one sesks the best approximetion wf =
ug(c*,t*;P) satisfying

2 2 n . 2
l"ﬂz - :‘: 'h'ulz b :i: i=}] |W(E’!"1)' »
-’- -.-

where {P;}],) i3 a set of points lying on the boundary 30. This is a
non-linear lsast squares minimization problem, which can be solved using
existing software. For the solution of Laplace’'s equation, an adaptive .
MFS algorithm has been developed (3], and many difficult problems, such
as those with discontinuous boundsry conditions or iavolving re-entramt
corners, have been handled relatively easily.

The MFS has several advantages over the BIEM. For example, it does
not require a discretization of the boundary 30, nor does it involve any
integrations over 3. Also the determinstion of an approximation to u(P),
PeRl, requires only an evaluation of the approximate solution uy whereas
in the BIEM a quadrature is necessary. Until recently, a serious drawback
of the MFS was that its formulation for problems other than those involving
Laplace's equation or the Helmsholtz equation was unknown. However, a
newly established connection between the MFS and the indirect BIEM indi-
cates how other problems may be tackled using the MFS. This conmection
will be discussed and the extension of the MFS to the biharwonic equation
and problems in plane elasticity described.

1. R. Mathon & R.L. Johnston, SIAM J, Numer. Anal., 14(1977), 638-650.

2. R.L. Johnston § R. Mathon, Inter. J. Numer. Mets. Engn., 14(1879),
1739-1760.

3. S. Ho-Tai, R.L. Johnston § R. Mathen, Technical Report 136/79, Com-
puter Science Department, Umiversity of Toroato.
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Inslastic Stress Amalysis by the
Boundary Element Nethod

Mahesh Morjeria

Dept. of Theoreticel and Applied Mechanics
Cormall Uniwarsity
Ithaca, MY 14833

The bowndary elemsnt scheme for eolution of varisws problems
of time dependent imslastic deformatien in bodies will be presewted.
The formulatien utilises move accwrete cesbinsd creep end plssticity
constitutive theorfes with stats verisbles to usde]l matertal behevior.

The pemeral solutisn echeme comsists of fermulating the givea
problem in terms of real time rates. This leads to a linear ishome-
genecus boundary value problem which is solved at each time step
to find the rates of varisbles of iaterest. These retes are then
used to integrate forwerd im time to obtain time-histories of wvari-
ables.of interest. An REuler type istegretion schews with automatic
time-step comtvel will he presamted. il

Specific applicaticns of the beundery clamsat msthed heve been
made to the genersl imelastic plame strsin/etress plate bendiag,
axisysmstric amd torsion problems. Some mmsricsl ressite fer all
these problems will be pressmted.

A powarful emd interssting spplication of the bewndary element
nethod to imslestic fracture sschamice will alse be poessated. This
formulatien fewoives modffication of the integral hevmsls ia order
to satisfy the preper bewndary conditions and edagulerity ot the
crack surface. Sems mumerical reewits for this spplicetien will
also bs pwsasntad. .
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THE BOUNDARY ELEMENT METHOD FOR ZOMED MEDIA WiITH
STRESS DISCONTINUITIES AND INTERIOR CRACKS
T. J. Mudolphi
Dept. of Engr. Sclance and Mechanlics
iowa State Unlversity
Ames, 1A 50011
The boundary element method as it applies to two dimensional elastostatic

problems is implemented with quadratic variation in boundary varisbles and
geometry. Additiona! persmeters are assccisted with nodes at segment Inter-
sections to allow for discontinwous tractions. Supplementary equations
consistent with linssr elasticity are used to sugment the rquhr boundary
integral equations for certein mixed snd displacemsnt boundary conditions.

Zoning or subregionslization capadilities are Included to provide solutions
to plecewise nonhomogensows problems or to problems on reglons of Irreguler
shape which can normally cause numericel Instebilities,

With the usage of modified kernals, as developed from the point toed in
an infinite medium iwith a crack, the method may be used to solve problems

lmlvliu multiple interior cracks, Stress Intensity factors for mined mode
Example problams are. given to

crack interaction are readily determined.
demonstrate the accuracy of the techniquse.




A Geseral Direct BIZ Fovanlstien fer Dounded - and Yabownded -
Wedia with Crushs of Avbiszary Shape.

by L.5. Zemthte ; .

Nathensties Departasst, Ispevial Collegs
of Scionse sué Toshnolegy, Leaden 5.9.7, Eugiand.
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Sessjon WM-6: % IN COLLAPSIBLE TUBES AMD PERISTALTIC

Organizer and Chairperson: H. J. RATH, University of

Bremen, V. Germany

Co~Chairperson: P.N.0. MBAEYI, Universitit Tubingen

* 9:30 - 10:00

* 10:00 -~ 10130

10:30 - 11:00
* 11:00 - 11:30

* 11:30 - 12:00

R. COLLINS, A. HIFDI and E. COLLIRS, Université
Paul Sabatier, Prance:

"Afirflow in the lman Respiratory System - A
Computatiomsl Model"

D, C. WINTER, University of Houston:
"Zlastic Properties of Collapsing and l‘qm:un.
Afrvays In-Vivo"

COFFEE BREAK
0., MAHREWNOLTZ, University of Hannover, W. Cermany:

"Peristaltic Flow: Mathematical Description aund
Experimental Verification"

H, J. RATH, University of Bremen, W. Cermany:
"Peristaltic Flow of Non-Newtonian Two-Phase Mixtures"
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AIRFLOM IN THE MMAN RESPIRATORY SYSTEM - A COMPUTATIONAL NODEL

. Collims, A, Nifdi, E. Colléns
Universisé Paul Sebstier
CH.U. de {1
- 31954 Towlouse Codex (Frence)

A complete brenciving mode] of the respiratery system {s developed on
the basis of detailed anstemical msssurements of Merstield-et al. (1971)
and Fredberg et al. (1978). A quasi one- dimensienal formulation for
the coupled fluid/well interection is resolued numerically wsing a2 modi-
fied two- step Lax-Wendroff finfte--difference techwique. This soluti-
on can subsequently be used to estimate the regions) deposition of fine
eoroso] particles in the men leng.
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ELASTIC PROPERTIES OF COLLAPSING AND EXPANDING AIRWAYS IN-VIVO
Dean C. Winter
Department of Mechanical Engineering
University of Houstom, Houston, Tx 77004

. et g - b mgtocd
S

The compliance of the airvays is a determining factor in the col-
lapse of the airways and also in the airway vave speed, which is impor-
tant in expiratory flow limitation. Ve previously reported on in-vivo
compliance measurements in the tracheas of anesthetized dogs and found
then to be significantly different than for excised trachea (1). The
i previous work was for expanding tracheas, and we have modified our meth-

; od to measure the compliance of collapsing tracheas.

: Anesthetized, open chest dogs were intubated “4cm above the carins

i and ventilated. The upper portion of the trachea was then sealed at
. : both ends. Volumes of air could be injected into the sealed segment

! and pressures inside the segment measured. Initial volume was estimat-

; ed vith the trachea in place after the experiment by measuring the up-

i per and lower diamsters and length of the sealed segment.

' Results for one sequence of pressure-volume measurements are shown :

' in Figure 1. Begimning at resting volume (zerc transmursl pressure) an !

[ increasing volume of air was injected into the sealed ssgment in lml

| increments. The pressure inside was allowed to stabilize before the !

) next volume was injected. After a maximum pressure of 22.5 x 10“dynes/

g cn’ was reached, 1ml volumes were successively removed until the orig-

|

{

et an el aveun

i e R sare o

L e e

insl volume was reached. Note the hysteresis exhibited by the curve

and that the complisnce (as measured by the inverse slope of the linesr

portions of the curves) is the same for incressing and decreasing vol- '
, umes . ‘
, Figure 2 shows one pressure-volumse curve for which the pressure wvas Y
i Teturned to zero batween each volume injection and for which messure-
ments were takem for both positive and negative transmural pressures.
Average complisnce values for collapsing traches were higher (28.4 x1(~*
(dynes/ca’)-1) than for expending traches (15.0x 10~°(dynes/ca’)-') for
all dogs. The complisnce valuss for expanding traches agreed with those
we previously reported (l). '

References: 1. Winter, D.C. etal., Elastic propertiss of the dog
trachea in-vivo, 1981 ASME Biomechsnics Symposium,

Boulder, CO.
S . S— 20 .
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PERISTALTIC FLOW: MATHEMATICAL DESCRIPTION AND EXPERIMENTAL
VERIFICATION

0. Mahrenholtz
Institut fiir Mechanik
Universitiit Hannover

Hanover, FR Germany

Peristaltic flow which belongs to inner biofluiddynamics is a
most unique transporting mechanism. Over short distamces alimentation
of living cells and taking away metabolic products is carried out
by diffusion and osmotic pressure. But with rising distances in
higher developed animals a directed and controlled flow of the
transporting solvent is needed. In contrast to technology, where a
huge quantity of diffetent pumpes is used, nsture prevests only
a small variety of pumping processes, muinly pumpiang of the heart
and in variows hollow organs the use of peristailsie.

Although the peristaltic motion has besn known for a loag time,
fluideechanical behaviour was not investigated until sbeut two
decades ago.

Modern mathemstical sethods in combinstion with effective com-
puter—systems followed the first restricted approsches. Presests
beight, volume flow, velocity discribution, stream- snd peth-limes
have beea cslculated for unsymmetricsl wawes, higher amplitede
ratios snd higher Reynolds numbers.

To verify these results, ve used an experimsutal set-up, which
models s plane—flow-condition with one weving wall. Beside the
charscteristic figures of the pumping process dependiag on the
goomstry, the motion of fluid-particles relative to esch other is
s most interesting detail. A hydrogeurbubble-technique was used
for the visualization. The genersted dwbble profiles were filmed
by a movie-camsra and compared to. the calculeted profiles. Oa
pictures of stresmlines in the moving wveve frame im vwhich the
flow is stationary the behaviour ~€ the beundary layer is visible.

Under the offect of inertia and the presence of an adverse
pressure gradient the bowndary-layer saparates in the diverging
paxt of the chemmel. As backflow is obstructed by this the pressure
beight of peristalsis is enlarged.

e —




PERISTALTIC FLOW OF NON-NEWTONIAN TWO-PHASE MIXTURES

Hans J. Rath
Dep. of Mechanics and Fluid Mechanics, Production Engineering, University
of Bremen, D - 2800 Bremen, West Germany

b 1% N 5 SR 35'?'3\.! . l—ixi

The dynamics of fluid transport by peristaltic motion of the confining walls i
has received careful study in the recent literature. Peristaltic pumping is .
the conmon mechanism for urine transport from kidney to bladder, food mixing
and motility in the intestine, ejection of semen in male reproductive organs,
and egg transport in female fallopian tubes. Technical roller and finger
pumps using viscous fluids also operate on this principle.

We consider the two-dimensional plane peristaltic flow of an incompressible
Non-Newtonian fluid containing solid spherical particles. The traveling wa-
ves are represented by the function h(x,t) = a + b sin(2n/x (x - ¢ t)) where
a is the mean half width of the channel, b is the amplitude of the peristal-
tic wave, ¢ is the constant wave speed and A is the wavelength. It is assu-
med that the wavelength is large compared with the channel width and the ’ ‘
appropiate Reynolds number is small compared with unity. Furthermore we in-
troduce the wave frame of reference (X,Y) which moves in the x- direction

with the wave speed c relative to the laboratory frame (x,y,t). The variab-

[EE

2 nas b ety

les measured in the wave frame are defined by i
Xzx-ct;Y¥Y=y;8=a;P=p;U=u-ct;lU=u -ct; :
V’V;v =V ., P P

[ P

where (U,V),(U_,V ) are the components of the fluid velocity and particula-
te velocity inPthl X- and ¥ directions, respectively, P is the pressure and
& is the volume fraction of the particles, measured in the wave frame, The
continuity equations and the inertia- free momenium equations for the fluid

phase and particulate phase are given by
a{{1-a)v a((1-a)V . a(au, a(ay,
((1-a)y) | al( )),0’ (,),,(p),o
ap 2 au v !
-(1-8ky- - &F (U - U) + gy-(K(a) 5y~ Iy~ ) =0

Ry a0 - LRV 0

CANE e e e O rahe, L an At Ay e N

-(1-8) 35 -aF (v -vp) = 0

where K and n are the parameters of the rheological model and F is the drag
coefficient for the spherical particles. For n = 1 we have Newtonian beha-
vior of the fluid (K = u). We see that by means of the wave frame of referen-
ce the fundamental equations become stationary. The partial differential equa-
tion system standing above has been solved analytically. Velocity distribu-
tions of the fluid phase and particular phase as well as relative concentra-
tion curves and pressure- flow relationships are given. The results are com-
pared with the case of a single- phase fluid. It will be shown that the pa-

rameters K, n, &, F, the normalized pressure gradient and the dimensionless F
time- mean flow have an influence on the velocity distributions and pressure-

flow relationship. :
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Session WM-7: FRACTURE OF COMPOSITE MATERIALS

Organizer and Chairperson: G. J. DVORAK, University of
Utah
Co~Chairperson: R. SCHRENRKER, Monsanto, St. Louis

* 9:30 - 10:00 S. GHAFFARI and J. ANERBUCH, Drexel University:
"Monitoring Damage Accamulation in Graphite/Polyimide

Laminates During Fatigue Loading Through Acoustic
Emission"

% 10:00 - 10:30 W. L. BRADLEY and P. S. VANDERKLEY, Texas A & M Univ.:
"Mixed Mode Delamination Cracking of Graphite/Epoxy
Composites"

10:30 - 11:00 COFFEE BREAK

# 11:00 - 11:30 U. YUCEOGLU and D. P. UPDIKE, Lehigh Universicy:
“Delamination Fracture in Bonded Laminstes and Joints"

11:30 - 11:45 T. R. TAUCHERT and 5. ADIBHATLA, University of Kemtucky:
"Optimum Design of Composite Plates”

11:45 - 12:00 J. T. PINBERA and B. R. ERASNOWSKI, University of
Waterloo, and M~J. PIRDERA, Material Sciences
Corporation, PA:
“Precture Machanics of Homogensous and Heterogeneous
Structures Using Isodyne Photoelasticity”

12:00 -~ 12:15 V. K. KINRA amd E. L. KER, University of Colorado:
"On the Existence of Pass-Bands sad Stop-Bends in
Periodic Particulate Composites”

12:15 - 12:30 G. OMOIXE and C., VILMAMN, Michigan Technological
Univarsity:
“Diglocations in Layered Media"

12:30 - 12:45 R. P. KHETIAN and D. C. CHANG, General Motors Resesrch
Laboratories:
"Surface Demage of Sheet Molding Compound Panels
Sutject to a Point Impact Loading"
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"Monitoring Damage Accumulation in Graphite/Polyimide

Laminates During Fatigue Loading Through Acoustic Emission"®
S. Ghaffari and J. Awerbuch**

This study concentrates on monitoring damage initiation and progression
through acoustic emission in unnotched and center-notched graphite/polyimide
[0/-“.5/90-65]zs laminate, subjected to low cycle fatigue loading. Specimens
were cycled at a frequency of 0.1 Hz and 1.0 Hz up to 5000 and 10,000 cycles,
respectively. The objective of this study is to investigate the potential of
acoustic emission for locating éxisting damage, detecting and tracking damage
initiation and progression, identifying potential fracture sites and
possibly distinguishing between the major failure mechanisms. Special
emphasis 18 placed on an attempt to distinguish those emissions caused by

newly created damage from those caused by friction among existing fracture

surfaces (delamination and matrix cracking). It has already been determined

that a significant asount of emission is caused by such existing damage.
Data recorded include accumulative events, counts, count-rate, and
number of counts per event as a8 function of applied load and aumber of
cycles, and line location and amplitude distribution histograms of events.
Acoustic emission results are compared qualitatively with visual microscope
observations of the actual damage progression in real time and with the

fracture behavior and deformation characteristics of the subject laminate.

#* Work supported in part by NASA Langley Research Center

#*Craduate Student and Associste Professor, respectively, Department of
Mechanical Engineering and Mechsnics, Drexel University, Philadelphia,

PA 19104
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Mixed Mode Delamination Cracking of Graphite/Epoxy Composites

Walter L. Bradley and Peter §, Vanderkley
Mechanical Eangineeriang Department
Texas A & M University
College Station, TX 77843-3123

A new test for studying the wmixed wode I/mode II delsmination
fracture has been developed. An asymmetrically losded double canti-
levered beam (DCB), rigidly supported at the uncracksd end, is tested
with the results snalyzed using simple beam theory. Superposition is
utilized to separate the loads into a symmetric cemponent LN + p!

and an asymmetric compoment P1 " P2 . The pure mode I emewgy relesse
2
rate G, is determined using standard DCB analysis for a load of 1 * P2
2

pulling the beams open. The mode II energy relesse rate is calcu-

lated assuming the two beams are deflected in the same dir with
nl«dofplopz. Adjacent to the crack tip the inside elements of
—-— .

the two beams are in tension .and compression respectively, giviag a pure
shear stress at the crack tip.

As the fractien of .mode II energy release rate (-c—c%}-c-;—-) incvesses
1 1

from 0 to 0.35, the total critical -emergy Telease vate G increased
fyom 150 J/u’ o 550 Jjml. Practographic exsmination -dwc.w

indicated increasing incidence of “scalloping™ and fiber breakage with
incveasing cempowent of G, . The resuirs have bosn imtexpredved to faply
that the effect of mode 1I shear is to ceutimmslly vedirect

the crack futo the fibers, the crack sppsrently tryiug S0 gropagste on
the principal sommal stress plame. As the crack cammot typically Seesk
the fibers, micvecrachs wst be vepested;muclested eml cvelesesd wich

the macrecrack, giving a fracture surface with a wotplolegy similer to

that of a saw blsde.
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DELAMINATION FRACTURE IN BONDED LAMINATES AND JOINTS

U. Yuceoglu and D.P. Updike
Lehigh University, Betlliehem, PA 18015

Fatigue and static failure behavior observed in anisotropic layered
composites such as bonded multi-layer plates and shells are very complicated.
Several fajilure modes interact and modify each other in many cases. It is
obvious, then, that the task of including all tke failure mechanisms in
an analytical model would be intractable. Therefore, some simplications
in the analytical model are necessary. In the case of bonded multi-layer
plates and shells made up from metallic alloys the dominant failure modes
are usually a mixture of transverse cracking and delamination within the
adhesive layer. Experimental observations indicate that failure usually
initiates from initial flaws and discontinuities where relatively high
stress concentrations occur.

Therefore, the objective of this study is to consider approximate
analytical formulstion of the static delamination failure in multi-layer
cylindricel shells starting from one (or two closely spaced) initial
delamination flaw(s). The composite shell is assumed to be under internal
pressure with pressure leaking into both flaws or cavities as in Fig. 1.
The delamination fracture/failure criteria used for sdhesive bonded laminates .
are mainly S - Criterion [1] and G - Criterion [2]. Since the stress
concentration factors can be readily calculated as siown in [2], the
G - Criterion is employed here. Then Griffith's Strain Energy Release Rate
or G - Criterion yields the critical pressure at the onset of unstable
delamination propagation as

Viley, = 2/l + 12+ a/0)62 + D)1 per, (1)

P
er

where ¢ is the adhesive thickness and B and G is adhesive elastic constants,
and is the adhesive normal stress and k , k., are adhesive shear stress
concefitrations. Assuming that Y for the Mheaive is known or obtained
experimentally, the critical preSsure P is, then, calculated and plotted
as a function of delamination flaw len ﬁz-é l. L). Further extension
of the analysis to the dynamic delamation ture cases is also discussed.

REFERENCES — ‘\‘ Az Lover

[1) 8ih, G.C., "Fracture Mechanics - _%.'.{'
of Composite Materials,” Proceedings A i 3 =% {0
of the First USA-USSR Symposium on i\ ® ,_,,__.__, -~ et
Fracture of Composite Materials, Riga, . e a ) b

USSR, September k-7, 1978, pp. 111-130 U T, —g——
(published by Sijthoff & Noordhoff, O 2,1 Shall Aua
1979). Fig. 1

(2] Yuceoglu, U. and Updike, D.P., "Multi-Flaw Delamination in Pressurized
Composite Mutli-Layer Cyclindrical Shells,” Pressure Vessel Design Symposium
Volume, 1982 ASME National PV & P Conference and Exhibition, Orlando, Florida,
June 27 - July 1, 1962.
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OPTIMUM DESIGN OF COMPOSITE PLATES

T. R. Tauchert
Department of Engineering Mechanics
University of Kentucky

and

) S. Adibhatla
Institute for Mining and Minerals Research
University of Kentucky
Lexington, Kentucky 40506

Optimum design of laminated fiber-veinforced composite structures
entails .a determinetion of the number of plies and the corresponding
ply orientations. In this paper an optimization procedure is pro-
posed for the design of composite plates subject to flexure. m
optimality criterion considered is um of minimum strain ener Ms
criterign, known also a5 the criterion of maxtmum stiffness [1
been used sucmsfuﬂy for the design of ﬁber-nimmd h..

pressure vassels [2]. In She case of plates abeying the Kirchhoff-

Love ‘hypothesis, analysis 1s carried out usingthe Reyleigh-

Ritz method. A quasi-Newben procedure is used for the

with the initial Mnt obtained via a random jusp techwique. ﬂ-rten

results are rectangular laminetes possessing wid-plane
and | ., tncluding dls-

yymetry. Ya conditions L]
tributed end mmm and temperature uﬂnhu.mmfw
The #Pfects of tmposing orientation restrictions [3] on the laminate
design are .#190 -examined.

Referenges

1. M. S. Hewp, Optimem Structures, Clevemdon, 1973.

2. T.R. Tmn. “Optimum Design of a Retnforced Cylindrical Pres-
sure Vossel”, Journal of Cosposite Naterisls, Yol. ¥5, pp. 30-
402, 1981.

3. L. A. McCullers, "Automated Design of Advanced Compesite Struc-

tures”, Structural Optimization Symposimm, ed. by L. A. Schwit,
ASME publication AMD-Vol. 7, 1974.
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FRACTURE MECHANICS OF HOMOGENEOUS AND HETEROGENBOUS STRUCTURES USING
ISODYNE PHOTOELASTICITY

Jerzy T. Pinders, Bogdan R. Krasnowski
Departmsnt of Civil Engineering
University of Waterloo
Waterloo, Ontario, Canada, N2L 3C1
and .
Marek-Jerzy Pindera .
Material Sciences Corporation
Guynedd Plaza 1I, Spring House, Pennsylvania, U.S.A.

The actual stress states at tips of notches and cracks inm plates,
or lamination boundaries, are three-dimensional and are promounceably
spatially distributed. In homogeneous materials, the existence of such
stress states is often overlooked in engineering pract! ‘e and research,
particularly when the geometry of body suggests the exiatence of a plane
stress state. In heterogeneous materials (laminated or composite struc-
tures) this problem is much more complicated; however, the influence of
the actual, three-dimensional stress state on the structural integrity
for these materials is often stronger than for homogeneous materisls.

The current experimental methods are insufficient to verify various
simplified analytical solutions because of inherent limitations, parti-
cularly vhen employed for heterogensous ssterials.

It is also well-known that the three-dimensionsl stress state influ-
ences the crack initiation and propagation in homogeneous materisls; in com~
posite structures, e.g. comnactions, the actual three-dimensional stress
state can lead to delaxinations, which are caused by the so-called peel
stresses; in the plane stress field spproach such stresses ars neglected.

It has been shown that the non-destructive methods of isodyne photo-
elasticity can be essily applied to detect and to determine the actual
components of the stress atates in vegions of contacts and cracks.

A problem of great importsace in laminated composite atructures is
the stress redistridbution im the vicinity of cracked layers. Such situ-
ations arise in configurations that include laminas oriented at 90° to
the load axis. That problem s the main topic of this paper.

The actual stress fields determined by the method of isodynes is
compared with various snalytical results in order to deternine the range
of validity of the idealized mathematical models.

Sawple of References

[1] A. Thum, C. Peterson, 0. Svenson, "Deformation, Stress, and Notch
Effect (in German), VDI-Verlag, Disseldorf, .

[2) V. V. Vasil'ev, A. A. Dudchenko, A. X. Elpat'evskii, "Analysis of
the Tensile Deformstion of Glass-Reinforced Plastics", Mekhanika
Polimerov, ¥o. 1, 1970, 144-147.

[3] G. C. Sih, “A Review of the Three-Dimensional! Stress Problem for a
Cracked Plate”, Int. J. Fracture Mechanics, 7(1971) 39-61.

(4] J. T. Pindera, "Analytical Poundations of the Isodyme Photoelasticity”,
Mechanics Research Communications, 8(1981) 391-357.

(3} 3. T. Pindera and B. R. Krasnowski, "Determination of Stress Intensity
Factors in Thin and Thick Plates using Isodyne Photoelasticity”, Im:

&-m?mq.m%&m&mmu!{m edited by
L. A. Sispec, Pergamon Prees Oxford and Wew York, 1982, 147-156.

-39-

e o e

i A e

R o

o hnce



On the Existence of Pass-Bands and Stop-Bands
in Periodic Particulate Composites

by
Vikram X. Kinra and Eric L. Ker

Department of Mechanica! Engineering, Box 427
University of Colorade, Beulder, CO 80309

It has been shown previously that the dispersion curve for periodic

‘layered (one-dimensional) and fibrous (two-dimensiona!) composites is

characterized by pass-bands and stop-bands. In this work we demonstrate
experimentally the existence of the sems in two periodic particulate
(three-dimensional) col‘ositcs: 1) glass spheres (2 mm dia.) in an epoxy
matrix with a (2.54 mm)? unit cell and & volume fraction of Inclusions,

T = 13.5%; and 2) stee! spheres (1.1 mm dia.) in PHMA with @ 1.32 x 1.32 x
2.63 vm tetragonal cell, and U = 25.6%. Two through-transmission ultrasonic
apparatus were used: |) water-immersion and 2) direct-contact. The
phase velocity, <C,>, and the attesnuation, <a>, of longitudinal weves in
the [100] crystal direction were messured in the frequency range 0.17 <

n < 2.5 MHz. Both the toneburst (steady state) and the ultrasenic spec
troscopy (transient) methads were used. :

RESULTS. Let O = ky d/7 = (2d/C1)n and £ = <ky> d/%, where d is the unit
cell dimension and < > denotes a composite property. The flgure shows
three pass-bands and two stop-bends. In a layered composite the pass-
bands do not overlep; here, along the E-axis, they do. The inset shows
corresponding results for a fibrows composite [1]: the pess-tands overlap.
The condition £ = a positive inteper for stop-bands (emmct for s layered
composite) is satisfied only spproximetely. The higher stop-bands, £ = 3
and £ = b, are not observed. (For glassfepony case (larger spheres), £ = |
was cbserved, £ = 2 and £ = 3 were not). Ve comjecture that the sbsence of
higher stop-bands is due to the excitation of perticle resonences which
dominates the lattice resomances. Stee!/PHMA rendom composites with the
same U were also tested. At very low and very high O, <Cy> for the two

cases becomss nearly identical; <a> is gemerstly higher for the rondom case.

(1] H.J. Sutherland and R. Lingle, J.
?oq»;iu Materiats, 6, p. 90
1972).
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Dislocations in Layered Media ’
G. Omoike and C. Vilmann
ME-EM Department
Michigan Technological University
Houghton, NI 49931

The stress field due to an edge dislocation is useful in modelling
deformation and fracture phenomena associated with composite materials
{1,2,3). In this work the stress and displacement field is developed
for dislocations lying within and at the intersection of, infinite iso-
tropic layers with differing elastic constants. These layers are as-
sumed to have perfectly coherent interfaces where both traction and
displacement remain continuous. Using the image theory of dislocations
[4,5] and the stress functions obtained by Mura and Dundurs (6], the
Alry stress function for each of the layers may be coastructed. The
resulting series solution may be truncated at any degres of accuracy
desired. In general, since the stress term associated with dislocations
are all of the order (1/r), relatively few reflections are needed to
accurately represent the stress field.

With this stress field developed, it is used as a Green's function
of an integral equation developed to model slip band development and
fracture within a layex. With the Green's function in series form it .
is seen that the associated integral sequation may be solved in a very '

straight forward manner. Both slip bands and cracks are studied as
they approach interfaces.

1] Chou, Y. T. and Tetelman, A. S., J. Composite Materials, 4, 222,
1970.

2] Tamate, T. and Tsuchiya, M., Int. J. Solids and Structures, 11, 1275,
197S.

3] vitek, V., J. Mech. and Phys. Solids, 24, 263, 1976.
4] Bead, A. K., Phil. Mag, 44, 92, 1953.
S] Chou, Y. T., Phys. Stat. Sol., 17, 509, 1966.

6] Dundurs, J. and Murxa, T., J. Mech. and Phys. Solids, Vol. 12, 1964.
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Session WM-8: ARD YIL S ES OF
COMSTITUTIVE RELATI IPS POR ANISTROPIC
SOL1IDS

Organizer and Chairperson: C. E. TAYLOR, University of

Florida
Co-Chairperson: J. der HOVANESIAN, Oakland University

* 9:30 ~ 10:00 G. A. COSTELLO, University of Illinois-Urbana:

"Axial and Rotational Response of Wire Rope"

® 10:00 - 10:30 R. B. ROWLANDS, University of ﬁiccmin-hdison:

“Photomechanical Analysis of Diverse Problems"

10:30 - 11:00 COPFEE BREAK
* 11:00 - 11:30 J. L. TURNER, Auburn University, and J. L. FORD,

Firestone Central Research Lab., Akron:
"Shear Coupiing Effects in Cord-Rubber Composites”

* 11:30 - 12:00 S. K. CHATURVEDI, University of Florida-Gaineaville:

"Photoelastic Constitutive Relations for Anisotropic
Birefringent Composites™

12:00 - 12:15 R. LAKES, University of Iowa:

“Experimental Genmeralized Continuum Mechanics of a
Porous Material"

12:15 - 12:30 T. B. SZWILSKL, University of Kentucky:

"Method of Determining the Anisotropic Elastic Moduli
of Coal"

2:00 LUNCH BREAK
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Axisl sad Botationsl RNeepomse of Wire Rape

GCeorge A. Costello
Departmsat of Theoretical aad Applied Mechamics
University of Illimois
104 8. Wright St.
Urbams, IL 61801

|

The eguatione goveraing the axisl and rotatiomsl reeponse of
vive rope are presested. The previcus menlinesr oqustions are
linsarised sad expressions sre presested fer the axial feree sad
the axfsl twisting twisting momset fn terms of the axial straim
sad the sxial rotaticasl strain. The results are appifed to a 6 x
19 Seale IWMRC wire rope. A losd deformstion curve for the sdove
mantionsd repe is obtained experimsntslly sad the results are
coupared with theory.

Robert R. Rewlsands
Bepartasnt of Inginsering Wechenics
Uaivergity of Wisceasia
Nodison, Wiscensia 353706

PMoteuschanics (meivé, holography, spéckle, Youmg's friagss
and phetoelasticity) is wsed to smslysis several ceatemporary
problems ia engimsering science. The experimentsl techaiques sre
frequently symergised with mumericsl and streagths coacepts.
Situsticons fanvolviag snisotropy, heterogemeity, nenlimearity,
cryogenics, fracture mechanics or dyassics sre emphasised.
Examples ave selected from bolted joiante, wood and paper physics,
fibsous compoeites sad emergy storvage.




SHEAR COUPLING EFFECTS IN CORD-RUBBER COMPOSITES

John L. Turner John L. Ford
Dept. of Agr. Engr. & Firestone Central Research Lab -
Auburn University, AL 35486 Akron, OH 71917

The shear coupling phenomenon is demonstrated to be significant
and controlling the response of two ply cosd-rubber composites. Inter-
laminar shear strain distributions are found to be strongly dependent on
thickness-to-width ratio of the specimens. Two ply specimens bacome
highly shear flexible as thickness-to-width ratios exceed 1/30. Linear
elastic orthotropic material characterisation of cord-rubber composites :
is found to be justifiable within limits. Numerical wodelling of axis- ;
ymmetric cord-rubber structures requires a three-dimensional displacement
formulation. Such a wmodel has been developed and experimentally validated.

PHOTOELASTIC COMSTITUTIVE RELATIONS FOR ANISOTROPIC v
BIREFRINGENT COMPOSITES

Shive K. Chaturvedi
Department of Engineering Sciences
University of Florida, Gainesville, FL 32611

The theories of photoelasticity for composite materials proposed in
the literature may broadly be divided into two main streams, namely; the 3
ad hoc and/or the approach involving strees-proportioning between com~ :
posite constituents, and the phenomenological one. The ad hoc approaches -
appear insdequate in view of their failure in interpreting unquivocally !
the observed isochromatic snd isoclinic fringe patterns. While the !
later based upon idealization of composites on a macroscopic scale as ¢
anisotropic and homogenaous (optically as well as elastically) appear to {
be very promising in providing a rationsl basis for the photoelastic
interaction. The above concepts will be examined closely to interpret ;
a proposed photomechanicsl constitutive relation with a view to uniquely
deternine the number of independent photoelastic constants for a com-
posite and to interpret the effect of initial birefringsnce upon its
response.

Results will be presented to show also that the composites exhibit !
a lower degree of anisotropy with respect to strain-optic behavior than t
with respect to stress-optic behavior and isoclinics, in general, i
represent neither the directions of principal stresses nor of principal i
straians. Finally, some important deviations from isotropic photo-
slasticity will be presented.
1. Bert, C.W., “Theory of Photoelasticity for Birefringent Filamentary

Composites', Fibre Science and Technology, Vol.S, 1972,pp.165-171.
2, Chaturvedi, 8.K., "Fundamental Concepts of Photoelasticity for Anis-

tropic Composite Materials”, Int. J. Eaugng. Sci., Vol. 20, 1982,

pp. 145-157. o
3. Agarval, B.D. and Chaturvedi, S.K., "Exact and Approximate Strain-

Optic Laws for Photoelastic Composites”, Polymer Composites (to be
published).
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EXPERIMENTAL GENERALIZED CONTINUUM MECHANICS
OF A POROUS MATERIAL

Roderic Lakes
Division of Msterials Eagineering
College of Engineering
University of Iowa
Iowa City, lomms

A porous polymeric fosm material with cell size ~ 1 mm is examined
experimentally with the sim of charscterizing it ss & generalised
continwua. Cosserat (micropolar) and microetructure (micromerphic)
elasticity theoriss are consideved as poesidle ganerslised coatimuum
models. The following experimental metheds were used: (1) quasistatic
tension, torsion, and bending of cylindrical rods of differeat sizes, and
(11) propagation of compreseionsl waves. Dead weight loading was used to
achieve tension and a microscope was used to messure displacessnts. For
torsion and bending, the interaction hetween a Helmholts coil amd &
parmansat magnet gemerated the torque, and & laser was used to msasute
the angglar displacesent. The quasistatic experimemts sre ssfficieat to
deternifie all six elastic comstants of an isetropic micrepolar meterial.
The wave .experiments veveal its micromorphic degrees ¢f freedom, if amy.

in quisistatic torsien, the axperimsatal dets are fitted amsll by
choseing & shesr modulus G = 0.6 Mi/a2, 4 poler zatio ¥ = 1.5, &
chazacteristic lemgth in torsien &, = 1.8 sm, and & coupling smmber W2 o
0.09. ia teasion, the sassured Young's modulus 16 £ = 1.3 /a2 oud v =
0.07. Simes £= 3C(] 4+ v) a8 in the classicsl cess, £ based en £ and v
should be 1.384 4i/a2, 4 gatisfectory sgresmest with T mesawved directly
in teasien. Fer aading, the data cannet be fitsad ecowvately by a
theoretical sictepolar curve. bth:’tﬂac:r-. ‘
euperimental poiots aze comsistent with £ = L.1 /2, 3 « 0.09, end the
chazscteristic Jength in dending £, = 5 =n. The smaller dissster
specimans sse 0P csmplieat then ahat is geadicted by micropodar theory.
To axplone the posesbility that the msterial mey hewe sicromorphic
degrees of freedom, wsve experimsunts were aleo dems. A -sherp cuteff of
waves was observed at 10 kiis. The outoff fa toe abrupt to be
relaxaticnal in natuve, but is coasisteat with a couwpling of the acow:-kic
wave with micro~vibrations.

In conclusion, the foam is describable as a classicsl cemtimuwua for
speciaen diamsters greater then 60 mm. Cosserst elasticity is am
appropriste coatinuum wodel for dismeters 60 am to 28 sa. JSevistteas
from Cosserst elasticity sre observed in bending of rode with diemeter 20
mm or less. 1In wave propagation experimests, micromerphic effects are
observed for wavelengthe of the order 25 mm. MNicremorphic degrees of
freedon say be responsible for the quasistatic results ia the beading of
thin rods.
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Method of Determining the Anisotropic Elastic Moduli of Coal
by Tony B. Szwilski, Department of Mining Engineering, Univer-
sity of Kentucky

ABSTRACT:

Under a project funded by the Department of Energy, a stiff multi-
axial compression cell has been designed to allow 30.5¢m (12 ins.) cube
specimens to be loaded in compression, Figure 1. The principal objec-
tive of the research program is to determine the elastic constants of
various coals by static methods. In addition, these elastic properties
will be correlated with the structural properties of the various coals
in search of valid connections between elastic moduli and other more
readily determined material properties. The main research effort is
establishing a theoretical relation between load and deformation in a
molecular solid whose structure is intermediate between the rubbery en-
tropy dominated, random chain configurations treated by Flory El:} and
the elastically stiff, bond energy dominated, linear chain configurations
treated by Treloar [2].

Figure 2 shows the test specimen, loading configuration and deforma-
tion gage schematically. The specimen is 30.5cm (12 ins.) cub and has a
3.81cm (1.5 ins.) cylindrical hole drilled through its center. The cube
faces are loaded by principal stresses 0, 0;,and o3 by means of flatjacks
and the corresponding radial displacements are measured by a United States
Bureau of Mines gage [3 ] which is emplaced and positioned in the cylindri-
cal hole by means of a placement rod. An existing theory [ 4 J, relating
the radial displacements in a cylindrical hole to the transverse principal
stresses in an elastically othortropic material, gives an adequate account
for material anisotropy. Based on this theory a solution has been devel-
oped to determine the elastic moduli perpendicular to the centrally drilled
hole.

REFERENCES

[1] Flory, P.J., 'Statistical Mechanics of Chain Molecules', Trans.
Faraday Soc. 57 829 (961), Interscience 1969.

{2] Treloar, L.R.G., 'The Physics of Rgbbcr Elasticity', Oxford, 1958.

{3] Hooker, V.E., et. al, '"Improvements in the Three-Component Bore-
hole Deformation Gage and Overcoring Techniques', USBM, RI 7894,
1974.

[4] Becker, R.M., Hooker, V.E., ‘Some Anisotropic Considerations in
Rock Stress Determinations', USBM, RI 6965, June 1967.
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Session WA-1: CONTINUUM THERMODYNAMICS

Organizer and Chairperson: D. E, CARLSON, University of
Il1linoig~Urbana

2:00 - 2:30 B. D. COLEMAN, Carnegie-Mellon Umiversity:
"on the Thetwodynamics and Statistical Mschanics of
Second Sound in Dielectric Crystals”

2:30 - 3:00 J. E. DIWN, Virginia Polytechnic Institute and State
University:
“Dynamic Implications of Gibbs' Stability Criterion"

3:00 - 3:30 R. L. POSDICK, University of Mimnesota:
“Equivalent Extreswm Problems In Classical Thermostatics"

3:30 - 4:00 REFRESHMENT BREAX
4:00

4:30 D, R. OWEN, Carncgie-Mellon University:
"The Role of the Concepts of Accessibility and
Restorability in the Poundstions of Thermodynamics"”

4:30 - 4:45 C-S. MAN, The Uniwversity of Msnitoba:
"Solid-Fluid Transitions in Unisxisl Crecp Tests of
Nonlinear Viscoelastic Materials"

4345 = 5:00 S. J. SPECIOR, Southern Illinois University:
“On Gibbs Stability in the Classical Theory of Fluid
Mixtures”

5:00 - 5:15 . DEEYER, I. MULLER, and P. STREHLOW, Technische
Untiversitit Berlin, W. Germany:
"A Study of Equilibria of Intercommected Balloons™

5:15 - 5:30 A. M. ANILE, Universita di Catanis, Italy:
“Experiments and Extended Irreversible Thermodynamics®

5:30 - 5:45 Y. EBRSOY, Middle East Technical University, Turkey:
"A Thermodynamic Development of Generaliszed Fourier
and Ohm Conduction Laws for Anisotropic Materials"
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On the Thermodynamics and Statistical Mechanics of
Second Sound in Dielectric Crystals

Bernard D. Coleman, Department of Mathematics,
Carnegie-Mellon University, Pittsburgh, Pa. 15213

In another talk at this meeting David R. Owen will
describe work we have done with Mauro Fabrizio which yields
the restrictions that the second law of thermodynamics
places on the constitutive equations commonly employed to
describe second sound in dielectric crystals. 1In that work
we show that in the temperature range in which second
sound occurs, the constitutive equation for the
internal energy E must contain a quadratic form in the
heat flux ¢, and this quadratic form is determined by the
temperature”dependence of the tensor Z, defined as
Z = K 'L, with K the steady-state thermal conductivity
tensor and T a tensor introduced by Pao and Banerjee,
whose components are relaxation times for resistive .
processes that cauge damping of second sound. (Under
appropriate circumstances the velocity U of second
sgund propagating in a direction p obeys the formula
U=p-zlp/c with c the equilibrium heat capacity.)

In this talk I shall show that an elementary sta’istical
mechanical argument, based on the phonon picture of thermal
excitations in dielectric crystals, yields an explicit
formula for the dependence of E on , and this formula
agrees perfectly with that obtained fr continuum thermo-
dynamics. Moreover,when the results from continuum physics
and quantum statistical mechanics ire combined, one obtains
an easily evaluated formulafor 7~ (and hence a formula

for U) as an appropriately weighted sum of tensor products
of phonon velocities.

-49-

]

N




e - e e

Dynamic Implications of Gibbs' Stability Criterion
_ y
J. E. Dunn
Department of Engineering Science and Mechanics
Virginia Polytechnic Institute and State University
Blacksburg, Virginia 24061
The (thermostatical) idea of Gibbs that states which under isolation
maximize the entropy (i.e., Gibbsian states) should, in some sense, be
"stable" is examined within the context of modern thermodynamics. Precise
conditions are given for the Lyapunov stability of (i) a broad class of
uniform (one phase) Gibbsian states, and (i1) those non-uniform (multi-
phase) Gibbsian states that satisfy a mathematically precise form of the
Phase Rule. Our results depend in a crucfal way on certain growth con-
ditions for the energy-entropy-volume surface characterizing the equilb-
rium states of the material, but are relatively insensitive to its detailed
dynamical respense. MNe thus expect our resuits to be applicable to a
very broad class of maserials.
Our methods build on and extend certain results of J. Ericksen,
B. Coleman and J. Greenberg.
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Equivalent Extremum Problems in Classical Thermostatics

NI P

Roger Fosdick E
University of Minnesota k
Minneapolis, MN 55455 :

In classical thermostatics there are several fundamental ;
pooblems of minimization and maximization that generally are
considered to be equivalent. These equivalences, however, are
not without certain conditions, and it 1s the purpose of this
talk to discuss such questions. .

The Role of the Concepts of
Accessibility and Restorability
in the Foundations of Thermodynamics

by ’

David R. Owen i '
Department of Mathematics
Carnegie-Mellon University
Pittsburgh, PA 15213

LYV UGNy S ST SRR e

Recent developments in continuum physics support the idea 4
that the concept of state in thermodynamics be broad enough to
include scalar and tensor fields on a three dimensional body
and time-histories of a material element. In order to implement
this idea in the context of thermomechanics, one must examine
various notions of system in terms of the collection of states
and the class of processes which can connect pairs of states.

In this talk I consider several definitions of system appropriate
to both classical and modern applications, and I ow how the
concepts of accessibility and restorability play a key role in
the formulation and analysis of these definitions.
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Solid-Fluid Transitions in Uniaxial Créep Tests
of Nonlinear Viscoelastic Materials

Chi-Sing Man

Department of Civil Engineering
The University of Manitoba
Winnipeg, Manitoba

Canada R3T 2N2

Abstract

Depending on the temperature 8 and the stress level o,
some materials (e.g., frozen soils) manifest qualitatively
different behaviour in uniaxial constant-temperature and
constant-stress creep tests: for some (8, 0)'s, the creep
ultimately becomes damped; for other (6, o)'s, the creep
eventually becomes stationary. We say that a material is
in the solid phase at (8, o) if in creep tests at the given
temperature and stress level the rate of straim e(t) - 0
as the time t » =; it is said to be in the fluid phase if
€(t) + comstant # 0 as t + =, For each materisl capable
of such change in behaviour, the 8-0 plane thus exhibits
a phase diagram. We prove several ''generic" results
regarding tife solidifluid transition s¥d such phase
diagrams. These results are "generic" in the following
sense: when the set X of all materials that are capable
of such transitions is equipped with a suitable topology,
our results hold for an open and dense subset in X.
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OW GIBBS STABILITY IN THE CLASSICAL .
THEORY OF FLUID MIXTURES

Scott J. Spector
Department of Mathematics
Southern Illinois University '
Carbondale, Illinois 62901 -

PR Y

Consider an inviscid fluid mixture composed of N + 1 gonstituents. !
A.hgngrgeous sgate Q of such a mixture is an N + 2-tuple g = :
(p,0,u,u4%,...,0") consisting of the pressure, temperature, and the 1
reduced chemical potential of the first N constituents. ¢

" Gibbs analyzed such mixtures and concluded that the state o is
stable under isolation if
@ - 3@ + Bu(® - %% (o) > (D - (D + Pu(@® - VWD
e for all homogeneous states g. (Here €,n,v, and are the energy,
entropy. specific volume, and mass flux respectively.) His argument
was based upon static considerations and the precise relation of Gibbs'
criterion to dynamic stability was unclear. '

. Recent works in thermodynamics have considered the dynamic

! implication of stability under isolstion and proven that Gibbs'
criterion is sufficient for dynsmic stability. These works did
not address the question of necessity. Our purpose is to give an
elementary proof of the necessity of Gibbs' criterion.

Ve use the second law of thermodynamics as a basis to prove 1
that

1f Gibbe' criterion fails at a state §
then ¢ is wot dynamically stable,
in the sense of Lyapumov in the I..(l) topology.

RSV RUP SN DU PRI

A STUDY OF EQUILIBRIA OF INTERCOMMECTED BALLOONS

W, Dreyer, 1. Miller, and P, Strehlow
Fachbereich 9 - Hermann-Fottinger-Institut
Technische Universitit
Berlin, W, Germany

The equilibria of two balloons connected by a pipe
sre systematically studied. This case provides a non-
trivial occasion to illustrate that uastable thermodynamic *
states may be stabilized by a change of envirowseat.
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EXPERIMENTS AND EXTENDED IRREVERSIBLE THERMDOYNAMICS

Angelo Marcello ANILE, Seminario Matematico Universitd @i Catania, Citta
Universitaria, Viale A. Doria 6 - 95125 CATANIA (Italy)

It is wel. known that in gasdynamics the Navier-Stokes constitutive
equations for the viscous stress and the Pourier law for the heat-fluxvector
fail in those cases where rapid macroscopic changes occur, such as for
high-frequency sound waves and for strong shock waves [1] . In these situa
tions it is customary to resort to kinetic theory. Howsver it is of some
interest to investigate whether modified constitutive fluid equations might
provide an equally acceptable description as kinetic theory. Modified con
stitutive equations for fluiddynamics have been put forward by Miller [ZT
in the framework of extended irreversible thermodynamics. These equations
of the Ml.ler type have the pleasant feature of leading to finite wave
speeds for thermal pulses and acceleration waves, at variance with the
Navier-Stokes and osurier laws.

The propagation 0f small acoustic disturbances in a monatomic gas in
the fyamework of MOller's theory has been studied by Anile, Dixon and Plu
chino [3] and the results have been compared with the experimental data TA]

The problem of the shock wave structure has been studied for a monoato
mic gas in Miller's theory by Anile and Majorana [5] and the results have
been compared with the available experimental data [6].

[1] c. cercignant, Theory and application of the Boltsmann equationm, Edin
burgh, (1975).

H I. moller, Z. fOr Physik, 198, 329 (1967).

3] A.m. Anile, W.G. Dixon, S. Pluchino, Wave modes in gasdynamics with
generalized constitutive equations, preprint, University of Catania,
(1982).

[4) n. Greenspan, Tranemission of sound waves in gases at very iow pres-
sure, Physical Acoustic, vol. 2A, Wew York, (1965).

(5] A.n. Anile and A. Mejorena, Shock strusture for heat conducting and
visoid fluids, to be published in “Meccanica®.

[6] ». schmiat, 3. Piuid meoh., 39, 361, (1969).
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A THERMODYNAMIC DEVELOPMENT OF GENERALIZED
FOURIER AND OHM CONOUCTION LAWS FOR ANISOTROPIC MATERIALS

Yagar Ersoy
Dept of Engng. Scie., Niddle East Technical University, Ankara, Turkey.

This paper aims at investigating a systematic and rational approach to the
formulation of generalized Fourier and Ohm Laws in the framework of classical
continuum mechanics. With the use of the thermoelectrical equilibrium state
and of the extremum value for dissipations of energy per unit volime and time,
a set of rather general constitutive equations involving several magnetothermo-
electric effects in rigid anisotropic solids are derived and certain restric-
tions on the material tensors (moduli) are explored. From these general equa-
tions, the Maxwel)-Cattaneo equation for heat conduction and the Newtonian-Ohm
law for electrica) conduction come out in a natural way if the coupling terms
are neglected while the materia) being isotropic. Thus the foresaid empirical
equation characterizing certain relaxation phenomens in the conducting materi-
als are now justified on thermodynamic grounds as well as they are generalized
for magnetothermoelectrical anisotropic and inhomogensous materials.

In the derivation of the generalized equations, it {s shown that there
need at most six independent material tensors to describe the thermoelectrical
relaxation phenomena when a linear constitutive theory is taken into account.
For the mterials, which are rather simple not having certain effects, the
number of the material tensors reduce either four or two depending upon the
assumptions. In particular, it is emphasized that the governing equations of
either thermally conducting or electrically conducting solids give rise to the
propagation of heat and / or current pulses with finite speeds since the
theory leads to a set of hyperbolic PDE's.

Furthermore, the set of temporal evolationary relationships is expressed
in the form of integral equations. It is of interest to note that these
integral equations are equivaleht to that of the constitutive theory based
on the axiom of fading memory. It is also worthwhile to mention that the equa-
tion of electrica) conduction is in agresment with the results obtained by
mesns of the special theory of relativity. Finally, the theory developed for
the general anisotropy is applied to special cases, mterials with higher
order symmetries and materials not having certain effects.
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D. B. BLISS and:B. H. TONGUE, Princeton University:
“Impedance and Sound Absorption Characteristics of a
Flexible Porous Medium"

L. R. KOVAL, University of Missouri-Rolla:
"Two Models for the Sound Transaission Through
Laminated Composite Panels"™

A. CRAGGS, University of Alberta:
"Sound Transmission Between Two Enclosures Which Are
Bounded by s Flexible Structure"

D. J. NEFSKE and S, H. SUNG, General Motors Research

Laboratoriea:

“Automobile Interior Noise Prediction Usiamg a Coupled
Structursl-Acoustic Pinite Element Model"

R. ‘VAICAITIS, Columbia University:
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-Adveeaft"
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IMPEDANCE AND SOUND ABSORPTION CHARACTERISTICS
OF A FLEXIBLE POROUS MEDIUM

Donald B. Bliss, Assistant Professor
Benson H. Tongue, Research Assistant

Department of Mechanical and Aerospace Engineering
Princeton University, Princeton, NJ 08544

A fundamental study of the acoustic-structural interaction of an elas-
tic layer of porous material backed by a rigid wall has been conducted.
Interest in this problem started from experimentally observed irregu-
larities in the low frequency impedance curves of some porous materials.
Coupled wave equations describing the behavior of both the fluid and
s0lid media have been derived and solved subject to the appropriate
boundary conditions. The coupling occurs through viscous and virtual
mass terms arising from the relative motion of the two media. The
important effect of structural damping has also been included. Com-
puted results for the impedance and sound absorption coefficient are
presented in a general manner in terms of the sets of relevant nondi-
mensional parameters of the system. A detailed physical interpretation
of the results is given and it is fcund that many features can be ex-
plained in terms of the behavior of a simpler model problem. The
interesting behavior of the system is related to the occurrence of
resonant conditions in the fluid and/or solid media. For instance,

it is found thst the sound absorption coefficient exhibits a compli-
cated behavior near the structural resonances, with minima occurring
at the resonant frequencies.
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TWO MODELS FOR THE SOUND TRANSMISSION
THROUGH LAMINATED COMPOSITE PANELS

by L. R. Koval
Department of Mechanical & Asrospace Engineering
University of Missouri-Rolla, Rolla, MO 65401

Two models are presented for the sound transmission through a lam-
inated composite panel. The first model considers an infinite composite
panel subjected to a uniform distribution of oblique plane waves. The
transmission of a single oblique wave is determined first, and from this,
the field-incidence transmission loss of the panel computed. The panel
consists of an arbitrary number of fiber-reimforced laminates, with each
laninate having an arbitrary orientation of its fiberas. The effect of
different fiber orientations is numerically studied, as is the effect of
noise insulation treatments, on the transaission loss of the panel.

The second model deals with the sound transmission through a finite
composite panel into a finite receiving room with hard side walls end an
absorbent rear wall, This model is an attempt to model the ANRD Noise
Effects Branch noise transmission test facility at NASA Langley Ressarch
Center. The effects of fiber orientation and insulation treatments are
examined for this model, also.

The two models are compared with each other, as well as with exper-
imental dats obtained by NASA.
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Sound Transmission between two enclosures which

are bounded by a flexible structure
By A. Craggs

Dept. of Mechanical Engineering,
University of Alberta, Edmonton
Alberta, Canada

The paper is concerned with sound transmission between two small
acoustic enclosures bounded by a flexible resonant structure. The
problem is expressed first as a free vibration problem in which
damping is neglected and then forced vibration under the influence of
sound absorption will be considered.

Frequently the acoustics of enclosures is treated in terms of
hard walled modes and it 1s assumed that the natural frequencies are
not affected by the presence of the boundarfes; this is true in many
cases. However, when the boundary is flexible and has natural frequen-
cies in the same range as the enclosure then several unusual phenomena
can occur. Firstly, resonant modes exist which have nodal surfaces of
pressure close to the boundary - implying that the boundary is soft

rather than hard. Secondly, due to the coupling between the structure,

twin modes exist in one enclosure. These have the same shape but
different natural frequencies.

In the paper a finite element model is used to calculate the
eigenvectors or transmission modes of the complete system and
consequently explain the above phenomena. The model is. then used to
calculate the sound transmission from one enclosure to another when

absorbent 1inings are present.
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AUTOMOBILE INTERIOR NOISE PREDICTION USING A COUPLED
STRUCTURAL-ACOUSTIC FINITE ELEMENT MODEL

D. J. Nefske and S. H. Sung
General Motors Research Laboratories
Warren, NI 48090

Interior noise in the automobile passenger compartment can result
from road and powertrain excitations transmitted through the vehicle
structure to the compartment cavity. To reduce this structure-borne
noise at the design stage, It is helpful to employ analytical methods
for modeling the vehicle and predicting its response. Among these ana-
lytical methods, the finite element method has been the most successful
for modeling the complex geometry of the automotive structure [1] and
the interior passenger compartment [2,3). Previous applications of the
finite element method to the passenger compartment have included the
prediction of both the free and forced acoustic response of the compart-
ment. However, in these studies, the vehicle structure mode! was not
coupled with the acoustic compartment model, and dissipative effects
wers not considersd in the acoustic analysis,

The present paper employs the finite element methodology to develop
a8 coupled structural-acoustic model, including dissipation, for vehicle
interior nolse prediction. In this development, the finite element
equations are first formulated for coupling an acoustic cavity with
surrounding wall panels, where acoustic and structural damping are
included in the formulation. Then, the reduction of this large system
of coupled equations In terms of its modal parameters is described. The
paper also describes the implementation of this coupled analysis within
the framework of a commercially available finite element code (NASTRAN)
and the solution procedure.

As an example, a coupled structursl-acoustic model is presented for
the automobile passenger compartment. In this model, three-dimensional
acoustic elements are used to represent the passenger compartment cavity,
which are then coupled according to the formulation with a structural
finite element mode! of the vehicle body. This coupled model Is used to
predict the interior acoustic response for forced harmonic excitations
applied to the vehicle structure. The structural modal participations
contributing to the acoustic response are ldentified from the model.

The accuracy and limitations of the mode! are discussed, as well as the
importance of including damping in the mode!.

{1] Kemail, M. M. and Wolf, Jr., J. A., eds. Modern Automotive Structural
Analysis, Van Nostrand Reinhold, New York, 1982,

{2) Nefske, D. J., Wolf, Jr., J. A., and Howel), L. J., "Structurel-
Acoustic Finite Element Analysis of the Automobile Passenger
Compartment: A Review of Current Practice,’ Journal of Sound and
Vibration, Vol. 80, No. 2, pp. 247-266, 1982.

(3] Sung, S. H., "Automotive Applications of Three-Dimensional Acoustic
Finite Elements,” Soclety of Automotive Engineers Paper 810397, 1981.
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CABIN NOISE CONTROL FOR TWIN ENGINE GENERAL AVIATION AIRCRAFT

Rimas Vaicaitis
Professor, Civil Engr. and Engr. Mechanics Dept.,
Columbia University, New York, N.Y., 10027

An analytical model has been developed to predict the noise trans-
mission into the cabin of a twin-engine G/A aircraft [1]. This model
is then used to optimize the interior A-weighted noise to an average
level of 85 4BA. The basic concept of the analytical model is that of
modal analysis wherein the acoustic modes in the cabin and the struc-
tural modes of the sidewalls are accounted for.

The noise input pressure duve to propeller blade passage harmonics
is expressed in the form of a propagating pressure field wherein noise
spectral levels measured under static test conditions are used. The
cabin interior is treated as a rectangular enclosure. The sidewalls
of the aircraft are modeled by several discretely stiffened panel
units. Transfer matrix technqiuves are used to calculate the natural
frequencies and normal modes of the skin-stringer panels. The addi-
tional noise losses due to cabin sidewall treatments which do not have
a direct effect on the structural dynamic characteristics of the akin-
stringer panels are estimated by the impedance transfer method.

To reduce the average noise levels in the cabin from about 105 GBA
(baseline) to 85 dBA (optimized), add-on treatments which do not in-
volve changes in the fuselage primary structure are used. The add-on
treatments considered in this optimization study include lightweight
aluminum honeycomb panels, constrained layer damping tapes, porous
acoustic blankets, septum barriers and limp trim panels. The added
weight of the noise control treatment is about 1.1% of the total gross
take-off weig'.t of the aircraft.

References

1. Vaicaitis, R. and Slazak, M., "Cabin Noise Control Por Twin Engine
General Aviation Aircraft,” NASA Contract Report 165833, 1982,
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ACOUSTIC RESONANCE IN HEAT EXCHANGER TUBE BUNDLES

R. D. Blevins
General Atomic Company
San Diego, CA

Many gas~cooled tube-and-shell heat exchangers emit an
intense acoustic tone when shell side flow is brought to a certain
level. The tone then persists as flow is varied. Sound levels
as high as 165 db have been measured inside heat exchangers
ranging from small process umnits to nuclear reactors and utility
power boilers (Refs. 1,2). The sound is thought to be the result
of periodic vortex shedding from the tubes at a frequency which
coincides with the natural frequency of an acoustic mode within
the heat exchanger shell,

The sound within the heat exchanger shell is described by
Lighthill's equation for aerodynamic sound:

3 3

2 2

3 2.2 2 3_uquy

-V =ec 12-1 jz-l 9% 9x;

at
Sound propagation through a tube array is analogous to propagation
through an array of small scatters (Ref.3). The speed of sound is
slowed by the presence of the tubes, damping is increased, and the
effective density is increased. The nautral acoustic modes within
the heat exchanger tube array are coupled with the modes of the
entrances and exits, which are free of tubes, Thus, either
numerical or matching solutions are required for the acoustic mode
shapes.

The amplitude of the acoustic wave is sought by solution of
the modal equation
(-oVFE +RE + 'rzPr ~c2 v
£ "tubem
Here R_ is a damping factor and F'_1is the force exerted on the
fluid by a tube. F_ may either retlrd the acoustic wave or impell
it, depending on the phase of the force with respect to the
acoustic mode .t .

e Tats,

Tests on a variety of tube bundles in a rectangular shell are
planned to measure the acoustic modes and the onset of resonance.
A criterion will be established to differentiate between array
geometry and damping that lead to resonance and those that are
free of resonance.

Cohan, L.J. and W.J. Dean, "Elimination of Destructive Vibrations in
1(.;;:;)6.. and O11-Pired Utility Units," J, Eng. Power 87, 223-228
Blevins, R.D., "Flow Induced Vibration in Nuclear Reactors: A Review,"
Prog. Nucl. Emergy 4, 25-40 (1979).

Kristisnsen, V.R. and F.J. Fahy, "Sound Propagation and Energy
Dissipation in Flow Through Arrays of Small Scatters,” J. Sound.

vib. 32, 189-198 (1974).
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NOISE REDUCTION CHARACTERISTICS
OF VARIOUS TYPES OF GENERAL AVIATION MATERIALS

Jaap Laméris, Ramasamy Navaneethan and Jan Roskam

Flight Research Laboratory, Center for Research, Inc.
University of Kansas, Lawrence, Kansas 66045

This paper describes results of recent tests at the KU-FRL* acoustic
test facility to determine noise reduction characteristics of stiffened
aluminum panels, fiber-reinforced laminated panels, and commercially
used general aviation aircraft interior trim panels. The tests are part
of a continuing effort at the KU-FRL to document noise reduction charac-
teristics of panels and materials used in general aviation aircraft.
Previous results are summarized in References 1-3.

Tests were carried out on 20"x20" panels in a frequency range of 20
to 5000 Hz. The noise sources used were a swept sine wave generator and
a random noise generator. The angle of sound incidence was maintained
at 90°. Typical parameters varied for the stiffened aluminum panels in-
cluded curvature, constrained layer damping, percentage of area covered,
pressurization and addition of sound absorption material. In the case
of composite panels, effects of ply orientation and stiffemers were
studied. Twenty-two different trim panel combinations were tested.

Results of varying each of these parameters on the noise reduction
characteristics at selected frequencies are discussed. 1In general,
pressure differentials across a panel will increase noise reduction at
low frequencies. For curved panels, noise reduction at higher frequen-
cies will decrease in value with increasing pressure differential. The
effect of a damping layer was found to be small in the non-resonant re-
gion. At high frequencies, increase in noise reduction is of the same
magnitude as the increase due to higher surface mass density.

Composite laminated panels exhibit greater low frequency noise re-
duction than conventional aluminum panels. However, at high frequencies
they follow the mass law.

The efficiency of the trim psnels is discussed as a function of
surface mass density. Doubling the core thickness of sandwich panels is
more beneficial than incressing the thickness of the skin layers.

References

1. Roskam, J.; Grosveld, F.; van Aken, J.; "Summary of Noise Reduction
Characteristics of Typical Ceneral Aviation Materials," Business
Aircraft Meeting, SAE, Wichita, Ksnsas, April 1979.

2. Grosveld, F.; NMavaneethan, R.; Roskam, J., "Noise Reduction Charac-
teristics of General Aviation Type Dual Pane Windows," AIAA Aircraft
Systems Meeting, Anaheim, California, August 4-6, 1980.

3. Grosveld, ¥.; Navaneethan, R.; Roskam, J., "Summary of Typical Pa-
ramaters That Affect Noise Transaission through Typical General
Aviation Aircraft Panels," Business Aircraft Meeting, SAE, Wichita,
Kansas, April 1981.

*iniversity of Kansas Flight Research Laboratory
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W. D. PILKEY and B. P. WANG, University of Virginia:
"Optimization of Dynamic Structural Systems"

P. K. BASU and D. VASILOPOULOS, Washington University
in St. Louis:
"p- vg. h-Versions of FEM in Design Synthesis"

J. L. JUNKINS, Virginia Polytechnic Institute and
State University:

"Continuation and Derivative Update Methods for
Enhancement of Parameter Optimization Algorithms"

REFRESHMENT BREAK

M. P. KAMAT, V. B. VENKAYYA, N. S. KHOT, AF Wright
Aeronautical Laboratories:
"Optimization with Frequency Constraints-Limitations”

0. IBIDAPO-OBE, University of Lagos, Nigeris:
"Optimal Actuators and Sengsors Placements for the
Active Control of Flexible Structures"

V. B. VENKAYYA, V.A. TISCHLER, and F. E. EASTEP,
AF Wright Aeronautical Labhoratories:

"Application of Optimization Methods to Composite
Structures"

W. C. LEWIS, JR., Rensselaer Polytechnic Institute:
"Data Flow Control of Job Shops: Are Scheduling
and Dynmmic Allocation Comparably Bffective?"

C. L. FRIESE, Auburn University and A. K. RIGLER,
University of Missouri-Rolla:

"A Nonlinear Regression Algorithm Based On
Predictions Generated by an Eigensystem"

A. R. CHOWDHURY and A. B. ROY, Jadavpur University,
India:

“Multiple Criterion Decision Making in Shortest
Route Prodblem”
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OPTIMIZATION OF DYNAMIC STRUCTURAL SYSTEMS

W.D. Pilkey

B.P. Wang

Applied Mechanics Division .
University of Virginia
Charlottesville, VA 22901 :

This paper presents several optimization formulations based on
a scheme for the efficient reanalysis of large systems. The formula-
tions can be used to solve a variety of dynamic response problems, !

including the modification of systems to reduce the response and the ¢
design of systems to achieve prescrided response characteristics. One '
problem treated in detail is the optimal vibration reduction over a H

frequency range. The reanalyais methodology provides the opportunity
to handle large scale versions of the familiar single mass tuning
problem. Another problem is the design of damping controllers for the
modal vibration control of large atructures. A two-stage optimization
procedure is proposed in which the optimal controller locations sre
chosen independent of the optimum gains. An eigenvalue separation
hypothesis is presented for the optimal location stage.

|
]
{.

p- vs. h-Versions of FEM in Design Synthesis

P. K. Basu
Associate Professor of Civil Engineering

D. Vasilopoulos
Graduate Research Assistant

Washington University
St, Louis, Missouri 63130

For a successful synthesis of the structural design process it is
necessary to combine a reliable anslysis tool with an efficient opti-
mization scheme. The most popular analysis tool is based on the finite
element method, which can be used in two modes, one is the h-version
and the other p-version. The superiority of the p~version of the FEM
in terms of convergence characteristics, reliability, and insensitivity
to input parameters has been established both numerically and analyti-
cally. Also, this version is better suited to an adaptive scheme which
is a desirable feature. The results of numerical experimentation to
demonstrate the performance of the p-version of the FEM in design
synthesis are presentad and compared with those obtained by using the
h-version of the FEM. The optimization tool used for this purpose was
the NASA's program CONMIN,
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Continuation and Derivative Update Mathods
for Enhancement of Psrameter Optimization Algoritims

John L. Juskins
Virginia Polytechnic Institute
Blacksburg, Virginia

A large family of iterative eptimization methods (those based upon
successive local linearizations of the perfexmance imdex and constraint
functions) suffer from two common drawbacks: (1) obtaining "sufficiently
good” atarting estimates to ensure couvergence of the iterations and (2)
the repetitive expense of calculating certsin partial derivatives .and
solving certain linear systems of algebraic equations. The present
paper details results which, for most probleme and most optimization
algoritims, significantly enhances both reliability end afficiency
of convergence.

Continuation methods (also known as "homotopy methods", and “imbed-
ding algorithms"), are used to imbed the origimal nonlinear problem into
a one parameter family of problems. The family is coanstructed in such
a fashion that it has at least one "simple" problem whaose solution is
available without iteration; the one-parsmeter femily of preblems is
constructed s that a = 0 causes the family to degenerate comtinwously
into the simple problem, vhile a = 1 causes the family to reduce to the
nonlinear problem whose solution is seught. By setting G to a sequence
of values, by solving each of the sequence of problems,one can insure
that arbitrarily geod starting iteratives .ave availsble for .each problem
in the sequence; the converged intermediste problems simply serve as
"stepping stones” (a homotopy chain) to provide, ultimately, arbitrarily
close starting iteratives for the problem of interest. Except for
certain rave singular events (e.g., bifurcation points), this approach
has been found to be rather versatile and relisble. It spplies, in
principle, to all parameter optimization sigoritims.

e aleo consider methods for approximstaly updatisg svailsble partial
derivatives based upon the nonlinearly ewaluated chasges whieh ocour in
the objective and comstraint functions on succssive -itszatioms, in lisu
of formel re-evaluetion ueing enalytical or finite differesce msthods.
The methods pressnted sre multi-dimsasionsl gemsralisations of the
"secant” method; -the partial derivative matrix is “updated” in a minimum
nowa sense to-make the truncated Taylor's series puedict amsctly the mon-
limear function chsngss on the just cempleted itesatisn. Mhile this
updats approsch is -heuristic, it has besn shewm to be zessenshly
relisbla and typically en order of msgaituie less sspensive to cslculate
then finite difference approximstiom of the pertial derivative sstrix.
In the occasional event that the dexiwatives epproximeted by the wpdate
sethod gre sot sufficiently accurate, this will he evidemt by & divezpmat
iseration; in which case one simply reaycles to she previous best poiat
and formally recalculates the derivative matrix via spalytisal or fiaite
difference methods. Using several exsmples, we show that eme can oftem
itezate to comvergence with a single isitial darivetive ecslculstisn and
s sequence of iterations usimg the derivetive wpdats schems.

The results pressuted represent a syatheais of sevessl existing idess
which do pet sppesr to be widely apprecisted. The twtenisl and
exsmples provided in the present paper should maks these ul wstheds
sccessible to s wide amdience.
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OPTIMIZATION WITH FREQUENCY CONSTRAINTS - LIMITATIONS

M. P, Kamat, Visiting Scientist
V. B, Venkayya
N, S. Khot
Structures and Dynamics Division
Flight Dynamics Laboratory
Wright-Patterson Air Force Base, OH 45433

2P > g .

The authors stress the limitations of designing minimum weight
structures for a specified frequency of vibratiom. Beginning with
Turner's solution an optimm bar with a specified fundamental frequeacy,
the authors show that the amount of material that would be necsssary for
an optimum bar of a fixed configuration (length and boundary conditiouos)
= to obtain an arbitrarily prescribed frequency, can be disproportionately
high to yield a design that is completely impractical. Similar con-
clusions can be also shown to hold for optimum vibrating beams. The
point is further ewmphasized by the consideration of the optimum design
of a sled within the cross-sectional ares and the moment of inertia
are approximately linearly related.
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A methodology for the sstive cemtrol of flamible-structumes is
progesed; the:paper is specificelly comcerwmsd with the problem of
optisal placemsat of limited number of seasews amd actwatore: for the
(tzanafor metriz/éontrol gadu) of the sctusters sad modes.of the system.

The medel censidesed. in this paper is a slender strusture ssbject
to horizontal randon wind forces vhess equetion of mstion cea de
written as follewe:

nl‘- “_-(::)4»;-( :)]‘-o— o w( M'-hu) + Dwlx,t)
b LEOTBEL YL VREY R '

= P(x,t) + u(x;t)

vhers BI is the rigtdity; w(x;,t) is the hevisoatal deflection at’

pednt x: after tiiee t; £ is the intermel viseows damping;. C and D ave
extecnal viscous: dimping. and measure of eguivelsat spring stiffseees .
P{x;t) is the hortzowtal resdes wind féwces smd u(x,t) is:this gemerelised
comtrol forces inclwiing msmeats.

It is shewm thet. the straeture of the metTix: ceseatislly determines
the optimsl location of semsers ami: activeturs; the iaplemsatatioa of
the algprithis: is simple and circumwents the rigsurs of hawing to selve
the classicsl equatioms (Ramiltow-Jacobi-Balimen) of optimsl comtrol

Seversl exsuplas ace given for ditferiug. actustors and semsovs
placomsats aloag the idislized prissatic bess.
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Application of Optimization Msthods to Composite Structures

V. B. Venkayya, V. A. Tischler and F. E. Eastep

Air Force Wright Aeronautical Laboratories
Wright-Patterson Air Force Base, Ohio 45433

An aeroelastically tailored composite wing structure has been
optimized for strength requirements. The wing was analyzed using the
displacement method of finite element analysis and optimized using an
optimality criteria. The wing was modeled with membrane elements and
subjected to six static loading conditions. The weight of the wing
was the merit function in optimization. The divergence characteristics

of the optimized wing structure were then analyzed using the NASTRAN
progranm,
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Jr., Assistant Professor, Mechanica neering, Rensse-

laer Polytechnic Institute, Troy, MY 12181

Data flow optimization slgorithms perfora comparably to
schaduling algorithme for seme jJob shop applications. Spe-
cifically, data flow optimization produces machine teol
utilization exceeding 90Y and allows a parts intreductioa
policy vhich ensures shorter flow times for more important
batches.

A data flow algorithm concerms directed flow of messeges
(data) between nodes in a graph. An individunl node fires
(transforms the duts) only vhen dats are present on all its
inputs. A machine in a job shop may be coneidered a node.
It is possible to maximize thwe utilization and minimize the
interactions of collections of such nodes by the following
data flow protocol.

Work descriptions (NC programs) are partitioned into
tasks, and transmitted as messages. These are saved in FIFO
queues within those nodes capable of performing the work
described. Typically, each message vwill be saved in several
nodes. Any idled node is assigned to the first program ia
its gueue. Once assigned, it deletes the program from the
rest of the system, retaianing only its eawn copy. It next
obtains appropriate consumsble rescurces (tools, work-
piece), emecutes the currsat task, and returns the consum-
able resources. It them increments the progeam's task
pointer to indicate the next task, and re-brosdcasts the
work description as a message. The sesseye will be saved in
FIF0 gueues by nodes capable of performimg the wvork, as
Mm m-mmeycu. !lbuszuclto!lnyntk

-
muunumxyzmmm-mcm a a conse-
quence of the FIFD gasues and of iacrementing the task
pointer at sach task completien.

One cam think of the consumables as tokens flowing
through a data flow net, drawn to idle nodes by the werk
description. The idle nodes fire vhen all comsumsbles have

Certain additional messures cencerning timing aad mesesge
redundency are required to emsure syvtem efficiency and
stability. A series of simulation sxperiments sugyssted
system insensitivity to machine tovol failure, job stream
composition, machine tool characteristics, and limited teol
supply. Nesasurements recorded simulated utilization exceed-
ing 90X given random machine tcol failures below 16X, and
good response of batch flow time to batch weight.
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A Nonlinear Regression Algorithm Based on
Predictions Generated by an Eigensystem

Dr. C. L. Friese
Dept. of Quantitative Mathods & Information Systems
Auburn University at Montgomery
Montgomery, Alabama 36193

Dr. A. K. Rigler
Dept. of Computer Science
University of Missouri - Rolla
Rolla, Missouri 65401

This paper describes a new algorithm for the solution of uncon-
strained minimization problems where the objective function is in the
form of a sum of squares. The new algorithm is a conjugate direction
method that utilizes the eigenvectors of a certain matrix as the con-
Jugate directions. A significant time saving feature of the algoritham
is the generation of a sequence of points from predictions rather than
searches, that converge to & solution. The results obtained by com-
puting solutions of traditional test functions demonstrate that this
algorithm is capable of following the narrow curved valleys, when the
starting point i{s far {rom the sclution. Such problems typically occur
as the result of a SUMT transformation of a coustrained optimization
problem into a sequence of unconstrained probleme. The usually pre-
ferred method is to add weighted penalty terms that represent the
constraints to the objective function, and then increase the penalty tera
weights in formulating a sequence of problems. The solutions to the
sequence of unconstrained problems will converge to the solution of the
original constrained problem. As the penalty term weight is increased,
the relative difficulty of obtaining a solution to the resulting uncon-
strained problem also increases due to the "narrowing" of the curved
valleys in the contours of the objective function surface. Limited
experience with the new algorithm has shown that the "narrowing" of the
curved valleys has little, if sny, effect on obtaining the solution.
The new algorithm does require that the objective function be of the
form of a sum of squares which is the form of many functions, while
many other functions can be transformed to that form.
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MULTIPLE CRITERION DECISION MAKING IN SHORTEST
ROUTE PROBLEN

A. Doy Chowdhury and A, B. Roy
Department of Mathematics, Jadavpur University
Calout te-700032, Iadia

There are mamy realistic sitwations in metwork flow problems
decision in the midst of mulitiple criteriom which can be
formally stated as

Maxinioe 5 = Cn
subject o Ax < b mmd x> 0
where C and A ave matrices and each element of Z is to be maximised.
The techniques anéd msthods of solving msltiple objective limear
prograamiag problems ate lews well developed,
We shall comsider hers the shortset routs ptoblem in s network

wnder multiple critevion where the flow constraints are cowserved but
the weights attached to esch edge is & r-dimensiomal (r > 1) veetor.

to find the shottest path iz the muitiple oBjective lineer pv
problem

1) frem s sewree to sisk,
i1) between all the otlered peiry of wertices ia G,

Lastly ail the sigorichms sre empisiwed with the ulp of s

Meferengee

{1} Demayom, :.73 Toutogetfier, J., and Laritehwy, 0., Muth, Pref, 1971,
1, 366-37S,

(2] &. V. Dijskntvs., Nemsvtoche Moth, Wol. 1 20%-271 (19%6).
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Session WA-4: MAGNETIC FLUIDS/FERROMAGNETIC ELASTIC
SOLIDS

Organizer and Chairperson: P.D.S. VERMA, Kurukshetra
University, India -
Co-Chairperson: H.M. CHANG, The University of Alabama
in Huntsville
2:00 - 2:30 A. MARTINET, University of Paris:
"l"etrofluida"

2:30 - 3:00 P, PINCUS, University of California at Los Angeles:
"Stabilization of Magnetic Colloids"

3:00 - 3:30 J. T. JENKINS, Cornmell University:
"Continuum Theories for Magnetic Fluids"

3:30 - 4:00 BREFRESHMENT BREAK

4:00 - 4:30 R.K.T. HSIEH, Royal Institute of Techmology, Stockholm,
Sweden:
"Continuum Ferromsgnetic Liquid Seals in Blood Flow"

4:30 - 5:00 P.S, DUBBELDAY, Naval Research Laboratory, Orlando,
and M.S. PTAK, Florids Institute of Technology: ‘
"Hydroacoustic Ferrofluid Projector in Toroidal '
Configuration” H

5:00 - 5:15 M, SINGH, Simon Fraser University, Vancouver, Canada: :
"Mathematical Theory of Nonlinear Waves on the Surface '
of a Magnetic Fluid" ;

5:15

5:30 O. 0, AJAYI, University of Lagos, Nigeria: i
"The Asymmetric Fluid Motions Induced by a Rotating
Magnetic Field”

5:30 - 5:45 P.D.S. VERMA and 0.H., RARA, Kurukshetra University,
India:
"Soft Perro-magnetic Microelastic Solids"

Pt — = L as

5:45 - 6:00 H. M, CHANG and S. T. WU, The University of Alabama
in Buntsville:

"Compressible MHD in Long Circular Cylinder"

ETRENORIRRIBPRY B

6:00 - 615 B. R. GULATI, Southern Connecticut State College:
"Transverse Heat Transport in Perrofluid in Rotating
Magnetic Field"
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FERROFLUIDS

A. Mertinet
Universite ds Paris Sud
Laborstoire de Physique das Solides
Batisent 3510
91405 ORSAY CEDEX, FRANCE

After giving an overview of the magnetic collodds
commonly referred to as Ferrofluids, we will discuss their
structure, basic propertiss, amd applicatiens in industry,
medicine and art. Also & schemetic presentation of real
experiments will be giwven.
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Continuum Theories for Magnetic Fluids

J. T. Jenkins
Department of Theoretical and Applied Mechanics
Cornell University
Ithaca, New York 14853

We outline continuum theories that have been proposed for
magnetic fluids. These materials are suspensions of single-domain
ferromagnetic particles in Newtonian fluids. The suspensions are
stabilized by the addition of a surfacant that coats the particles
and prevents their agglomeration.

The continuum theories account for the additional degrees
of freedom associated with the oriemtation of the particles in
an applied magnetic field. Such theories have been proposed in
order to explain the variation of the apparent viscosity with the
orientation of the applied field in simple flows [1] and to provide
a context for the interpretation of existing experiments on ultra-
sonic propagation and attemuation [2,3].

The theories differ in the internsal variables introduced to
describe the additional degrees of freedom, in the characterization
of the inertia and dissipation associated with the internal variables,
and in the treatment of the electrohydrodynamics. These differences

will be highlighted and the theories evaluated vith reference to the
experiments.

[1) McTague, J. P., J, Chem. Phys. 51; 133 (1969).
{2]1 Chung, D. Y., Isler, W. E., J. App). Phys. 49, 1809 (1978).
(3] Isler, W. E., Chung, D. Y., J. Appl. Phys. 49, 1812 (1978).
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CONTINUUM FERROMAGNETIC LIQUID SEALS IN BLOOD FLOW.

R.K.T. HSIEH

Departaent of Mechanics

Royal Institute of Technology
S-100 44 Stockholm

Blood is a suspension of discrete cells, mostly red cells in a
Newtonian liquid, plasma which flows through vessels.

It has been experimentally determined that when ferromagnetic fine
particles are introduced into such system without an application of the
magnetic field no consideradle biological effects are reported i.e.
ferromagnetic fine particles could pass through the capillaries in the
body. This paper inveatigates ferromagnetic liquid seals with an
applied magnetic field of arbitrary direction in blood.

It is found from principles of continuum mechanics that the
corresponding Bernouilli equation predicts the sealing capacity of the
hydrostatic plug. Such liquid seal can be used for producing blood flow
stasis during surgery and has the advantage of causing less arterial
wall damage.
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HYDROACCUSTIC FERROFLUID PROJECTOR IN TOROIDAL CONFIGURATION

Pieter S. Dubbelday, Naval Research Laboratory, Underwater Sound
Reference Detachment, P.0. Box 8337, Orlando, Florida 32856

Mark S, Ptak, Florida Institute of Technology, P.0. Box 1150,
Melbourne, Florida 32901

The coupling between a magnetic field and fluid motion embodied
in ferrofluids make this material a candidate for electroacoustic
transduction. A design for an acoustic projector for underwater
application that specifically uses the fluid property has been
proposed before [1]. A description of the construction of a
toroidal projector based on this design is presented here, and
preliminary measurements of its acoustic properties are reported.

The force per unit volume on the ferrofluid in a toroidal
configuration is proportiomal to H(r)/T, where H(r) is the circum-
ferential magnetic field, as a function of the distance r to the
axis of the toroid (Fig. 1). The top and bottom of the toroid are
rigid. The cylindrical walls are elastic, the outer wall is in
direct contact with the ambient medium and the inner wall is in
contact with a layer of air kept at ambient pressure for pressure
release. The dc bias field is created by a current through thin
plates arranged in a fan-like fashion. The ac current wires are
arranged as shown in the sketch of Fig. 2. The dc bias field
drives the magnetization to saturation to ensure linearity of
operation. The device is especially suited for low frequencies in
the range from about 100 to 500 Hz.

=

T

Fig. 1 Fig. 2

1. "Application of ferrofluids s an acoustic transducer
material,” Pieter S. Dubbelday, IEEE Transactions on
Magnetics, Vol MAG-16, pp 372-374, 1980.
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Mathematical Theory of Nonlinear

Waves on the Surface of a Magnetic Pluid

M. Singh
Deparcment of Mathematics
Simon Fraser University

Burnaby, B.C.,Canada

Using bifurcation theory techniques, we study the stability of a
ferro-fluid under a static magnetic field. In particular, we examine the
situation when the half space ¥y £ 0 is filled with a ferro-fluid. If a
vertically directed magnetic field of sufficient strength is passed through
this ferro~-fluid, the horizontal surface will change. Analogous to
Bernard cells in convection, both the rectangular and the hexagonal relief
patterns are observed. Both structures are algso observed in the electrical
analog for a dielectric in the presence of an electrical field, simplifying
assumptions have beeh made to allow for a mathemsatical stlution to the
problem. We assume that the ferrb-fluid is incospressible, miignetically
lineay, isotropic, and free of internal currents. We also consider the
fluid to be static, of infinite dépth and of constanc maghetic permeability.
After obtaining a trivial solution, the full problesm is mapped onto a
Banach space setting. Through the Prichet derivative, the critical
magnetic field strength (and awsociated weve length) at which the noli-
planar surface appears can be found. With the help of an adjoint functionm,
the existence of a bifurcating branch of solutions, and the omnset of

instability of the planar surface are dsmonstrated.
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THE ASYMMETRIC FLUID MOTIONS INDUCED BY
A ROTATING MAGNETIC FIELD

0. 0. Ajayi
Engineering Analysis Unit
University of Lagos
Yaba, Lagos, Nigeria

The electrohydrodynamic and magnetohydrodynamic effects on rigid
and deformable bodies have attraced the attention of various authors.
These analyses have usually dealt with configurations in which there is
axial symmetry, largely because when there is axial symmetry the use of
a stream function is justifiable and its use invariably simplifies the
analysis. In an asymmetric configuration this simplifying factor is
lost altogether and solution of the probleam is not easy.

Here we consider such an asymmetric configuration. We investigate
the effect of a rotating magnetic field on a conducting incompressible
viscous drop immersed in a non-conducting incompressible viscous fluid.
We show that the drop is deformed and an unsteady flow field is induced
both inside and outside the drop by the electric stress exerted on the
drop surface. The problem is formulated generally but for clarity we
discuss the extreme cases Rn << 1, R >> ], where R- is the magnetic
Reynolds number.

SOFT FERRO-MAGNETIC MICROELASTIC SOLIDS

P.D.S. Verma and Q. H. Rana
Department of Mathematics
Regional Engineering College
Kurukshetra University
Kurukshetra, India

Using the variational principle, the field equations and the
boundary conditions are derived for soft ferro-magnetic microelastic
solids. The constitutive equations governing such bodies are deter-
mined by assuming an appropriate form of energy demsity function.
Magnetisation gradient is included. The general theory so formulated
is then applied to iuvestigate the propagation of plane waves in the
above type of solids. Four modes of propagation are shown to exist.
The applied magnetic field and the magnetization produced spontaneously
give rise to a considerable change in the magnitude of Alfven's velocity.
Furthermore, the snalysis of coupled waves indicates that eddies decay
with time.
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COMPRESSIBLE MHD IN LONG CIRCULAR CYLINDER

H. M. Chang and S. T. Wu
The University of Alabama in Huntsville
Huntsville, Alsbama

The compressible MHD in circular infinite long cylinder has been
discussed in_this paper, in stationary and infinite conductive cases.
Neglecting vi-ters in momentum equation but retaining the first order
v-term in induction equation, we proved by the theory that, the radial
magnetic field B, = 0 alvays. As for radial mass flow velocity, Ves we
have proved that if v, = 0, the magnetic field should be a force-free
field; if vy ¥ 0 the magnetic field must be a coanstant pitch field, and
vy being determined by axial magnetic field B;.

In vy # 0 case, the constaant pitch field with ial flow has
been solyed. All three components of magnetic field B sad current
density j, thermedynamic quantities P, T, p and radial veloeity vy have
bsen obtained. Ten curves of these ten quantities versus radius have
been plottad for different parameters.

It has been found that in most cases, the comvective magnetic
field is being coucentrated around its symmetrical axis as a magnetic
flux tube, but its dismeter increases with 8 . In some other cases
the concentration is being vioiated, no ngwsttc flux tabes sre formed.

The convective magnetic flux tubes may have either a cool core or a hot
core.

TRANSVERSE HEAT TRANSPORT IN FERROFLUID
IN ROTATING MAGNETIC FIRLD

Bodh R. Gulati
Profasser of Matlhmmatics
Southern Comnecticut Stats College
New Haven, Comnecticut

It. is showm that trsnsvecrse heat avises in rotatiag segastic
field. Heat current pevpendicular to both the applied temperature

gradient ssd sngular velocity of magnetic field takes place. Coefficient
of entrainment of the particles is found as & fimction of the tampersture

and the magnitude of magnetit field. The estimstion of the traasverse
temperature differen~e is made and the possibility to ssasure the same
is discussed.
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Session WA-5:
CS

Organizer and Chairperson: D. J. SHIPPY, University of
Kentucky
Co-Chairperson: L.W. Schmerr, Iows State University
2:30 B. KHATIB-SHAHIDI and D. L. SIKARSKIE, Michigan
State University:
"A Boundary Element Approach to Finite Elasticity:
Neo-Hookean Model™

3:00 P.L-F. LIU and S. K, KIM, Cornell University:
"Numerical Solutions of Tsunami Run-Up Using the
Boundary Integral Equation Method™

3:30 F. J. RIZZO, M. REZAYAT and D. J, SHIPPY, University
of Kentucky:
"A Boundary Integral Equation Method for Heat
Conduction in Moving Solids"

4:00 REFRESHMENT BREAK

4:30 R. P. SBAW and Y. K, SUN, State University of New York
at Buffalo:
"Elastic Plate Vibrations by Boundary Integral
Equations-Asymptotic Formulatiom"

4:45 G.D. MANOLIS, State University of New York at Buffalo:
“Reduced Dynamic Green's Functions for the Linear
Elastic Halfplane"

5:00 F, BARADARI, D. R, EDWARDS and H. D. KEITH, University
of Missouri-Rolla:
"Comparative Study of the Boundary Element Technique
and the Finite Element Method in Two Dimensional
Eigenvalue Problem"
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A Boundary Element Approach to Finite
Elasticity: Neo-Hookean Model

Bijan Khatib-ghahidi*
David L. Sikarskie®s

Department of Metallurgy, Mechanics & Materials Science
Michigan State University
East Lansing, Michigan 48824

In this paper a two dimensional finite elasticity solution procedure is
formulated using a boundary element approach. The analysis and examples are
specifically developed in Langrangian coordinates and for Neo-Hookean materials
but can be straightforwardly generalized to other consitutive behavior. The
problem is formulated in terms of stress fuactions 4(x;,x3), ¥(x1,x2) resule-
ing in field equations

Vz ‘ - -P.l (1"‘\!1,1) - P:z “1'2 -P [Pol (1'0‘“2'2) - P,z “2,1] - Fl

2
Vi By, (M, o) - By uy BBy, (e ) -Pyyu L] = F,

where u_, u,y, P are displacements and unknown pressure, respectively. For Fl
and !2 Lnn functions of xy, and x; the boundary element solution is well
known, and comtains both contour amd surface integrals. The contour integrals
involve unknown distributions adjusted to satisfy the boundary conditions. .
For tirls problem the surface intagrals contain ¥, F2 which are functioms of . ,
the unknown displacements and pressure. Thus, an iteration procedure sust be ‘

introduced. An initisl sssumed form for F;, F, (from the linear elastic solu- Lo
tion) is substituted into the boundary elemsnt equations. The unimown dis- i !
tributions can now be found and then used to find a new stress and §

displacemsat state which updates !1, Fz. This procedure continues uantil .

convergeace is established.

e et as i et £ o o 5 TS T e e P e ot T SRR S

Two exsmples are given, namely: the uniform extemsion of a strip in plane ;
strain and the pressurisation of s cylindrical tube (Lame' problem). In the
uniform extension probles the exact solution has coostant pressure and thus

X results in F) = F, = 0. There is excellent sgresment betwsen the numerical and

p exact solutions but the problem does not provide a test of the iteration
procedure. For the Lame' problem an exact analytical solution (in polar coor-
dinates) has first been developed for comparative purposes. Although a gemeral .
scheame for finding this solution exists in Greem smd 2Zarna, “Theoretical .
Zlasticity,” p. 87, specific analytic results for Neo-Hookesn msterials are !
cited here. The numerical solution for this problem is developed completely
in cartesian coordinates, hence, it is general and it demonstrates convergence
of the iterative scheme, solutions for curved boundaries, and solutioms for
multiply connected regions.
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WOMERICAL SOLUTIONS OF TSUNAMI RUN-UP
USING THE BOUNDARY INTEGRAL EQUATION METHOD

Philip L-P. Liu and Sung Kyu Kim

School of Civil and Environmentsl Engineeering
Cornell University
Ithacs, NY 14853

Tsunamis are long waves generated by undersea earthquakes. As
Tsunsmis propagated acroas the ocean and approach coasts, wave ssplitudes
grow significantly due to refraction and shoaling effects. The final
tsunssi run-up could cause not only severe property damage but also loss
of human life. It is, therefore, important to develop an effictient nu-
merical scheme for predicting the maximum run-up location as a part of
Tsunamnl warning systems.

In this paper, the boundary integral equation method (BIEM) is de-
veloped as a tool for studying two-dimensional run-up problems. The flow
motions are described by the potential flow theory. Nonlinear free sur-
face boundary conditions are incorporated in the BIEM formulation (Liu
and Liggett, 1982). The Tsunami is modeled by either a solitary wave or
two successive solitary waves. For simplicity, the beach topography is
assused to have a linear slope which intersects with a constant water
depth region. PFor the case of a single solitary wave, numerical experi-
ments are carried out for different solitary wave heights and different
beach slopes. The accuracy of the present numerical scheme is verified
by comparing with available experimental data aud existing numerical so-
lutions. Some typical comparigons are shown in Table 1. Agreement is
considered to be fairly good in view of the fact that wave bresking could
actually occur in some ceses. The saximum run-up and run-down are pre-
sented as functions of beach slope and the incident wave height. The ef-
fects of the second solitary wave on the maximum run-up are also exam—
1“‘.

Initial Wave Height Slope Maximuwm run-up R/D
Ho/D s Present result Previous result
0.48 1 1.591 1.27
0.10 0.1 0.411 0.40
0.10 0.3 0.318 . 0.234

Table 1. Comparison between present results and previous dats

Reference

" Liu, P.L-F. and J.A. Liggett, Applications of boundary element methods to

problems of water waves, in Devel ts in Bou Rlement Methods
= 2 (ed. K.I. Banerjee and R.P. &-; Elsevier Science Publishers,

England.
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A BOUNDARY INTEGRAL EQUATION METHOD FOR
HEAT CONDUCTION IN MOVING SOLIDS

F. J. Rizzo, M. Rezayat, D. J. Shippy
Universtty of Kentucky
Lexington, KY 40506

The solid-phase heat conduction problem applicable to flame spreading
over a pyrolyzing fuel, including the heat conducted through the solid for-
ward of the flame, is formulated for solution using the Boundary Integrat
Equation (BIE) Method. A specific problem of interest is that of a rectan-
gular slab of fuel being consumed by a gas-phase flame, on both sides of
the slab, that spreads at a steady speed into a wind which opposes the flame.
Surface temperature results are obtained using the BIE and compared with some
published experimental measurements. Upstream heat flux computations are
compared with an approximate solution based on an asymptotic expansion. The
steps in development of the BIE formulation and the adopted numerical ap-
proach are outlined. Because of the presence of an integratile singularity
in the surface heat flux at a corner in the slab, an improved numerical ap-
proach which involves the use of singular shape functions, defined and de-
rived here, is given and the validity of the fmproved approach is established.

The differential equations governing the title problem also describe a
number of physically umrelated but mathematically similar problems, which are
identified. One such problem fs that of the variation of drawdewn in a
leaky aquifer. This problem and perhaps another involving steady state
acoustic radfatfon from a sphere will be discussed as time permits
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Elastic Plate Vibrations by Boundary
Integral Equations - Asymptotic Formulation

R.P. Shaw and Y.K. Sun
Department of Civil Engineering
SUNY at Buffalo
Buffalo, NY 14260

The development of a two dimensional theory of elastic plates
from a general three dimensional theory of elastic solids depends on
the concept of a small thickness to length ratio and on the appropriate
assumptions to be made regarding the variation of the dependent
variables through the thickness, e.g. (1), Boundary integral _
formulations perform this reduction from three to two dimensions
automatically and exactly; they contain an explicit representation of
the actual functional dependence of the dependent vartables at
interior points in terms of their behavior on the surfaces. While
such boundary integral formulations may be difficult to solve
analytically, they may be solved numerically or, as in the present
case, be rewritten in terms of an asymptotic expansion in orders of
the thickness to lenigth ratio which may then be solved 'order by
order'. This ratio, ¢ , appears in the kernels of the integrat
equation. The zeroth order solution, corresponding to an infinite
plate, s already available, (2). The present discussion considers
the general asymptotic expansion and in particular the influence of
the . The development is based on displacement potentials, e.g.
(3), rather than displacements and tractions directly, e.g. (4).

References

1. R.D. Mindlin, 'An Introduction to the Mathematical Theory of
Vibrations of Elastic Plates', U.S. Armmy Signal Corps Engineering
Laboratories, Fort Monmouth, N.J., 1955.

2. R.P. Shaw, 'Elastic Plate Vibrations by Boundary Integra)l
Equations, Part 1: Infinite Plates', Res Mechanica, Vol. 4, 1982.

3. R.P. Shaw, 'Retarded Potential Approach to the Scattering of
Elastic Waves by Rigid Obstacles of Arbitrary Shape', J.A.S.A.,

Vol. 44, 1968.

4. T.A. Cruse and F.A. Rizzo, 'A Direct Formulation and Numerical
Solution of the General Transient Elastodynamic Problem, I',
J. Math Anal. and App., Vol. 22, 1968.
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REDUCED DYMAMIC GREEN'S FUNCTIONS FOR THE
LINEAR ELASTIC BALFPLAME

George D. Manolie
State University of New York, Buffalo, New York 14260

Fundamemtal singular solutions or Green's functions for the
reduced (stesdy-state) equations of elsstodynamics are of importance
since they. are key ingredients in a bowndary integral equation (BIE)
reformulation of the gemeral problem of wave propagation snd scattering.
Engineering soluticns to two-dimensionsl problems using Green's func-
tions for the infinite plane have been obtaimed in the past [1,2].
Rowever, probleass involviag the halfplese are inherently more interesting
because of applicatiens to geomechanics.

In this work, the fundamental singular solution for a peiat force
impulse in an infinite elastic medium is used in conjunction vith a super-
position scheme originally devised by Mindlin [ 3] in arder to arrive at
a singular solution valid for the halfplane. In pacticular, solutioms
for a point force in the vertical and horizental directions, s dipole
without soment .and a dipole with soment in the vertical divectioms at
the imsge point are superimposed.to the fumdemental singslar solution at
the source point. The immge point is the refiection of the source point
about the horizontal (free) surface. The.resulting singular solutiom
reproduces & nearly traction-free bowmdary comdition at the free « face.

Thie mew singular solution and its.derivatives are subsequently used
as kermels in.a BIE formulation in the Laplace transformed domain. The
purticular example sclved is the case of s circelar cylimdrical cavity
enbedded close to the free surface of the halfplane under a pressure wave

" pulse traveling pezallel to the free surface. The dynamic stress field

around the. ¢cavity, ebtaimed feen the BIE.method fa conjmmction with s
swmerical inverse transformstion, is fownd to be in good agresmest with
other apalytic and numerical solutions.

References
1. Cruse, T. A., and F..J. Risso, J. Math. Anal. dppl., 22, M9G8,
2. Menolis, G. D., and D. E. Seskos, Int. J. Num. Meth. Bngrg., 17, 1881.
3. Mindlio, R. D., Physies, 7, 1936.
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COMPARITIVE STUDY OF THE BOUNDARY ELEMENT TECHNIQUE AND THE FINITE
ELEMENT METHOD IN TWO DIMENSIONAL EIGENVALUE PROBLEM ‘1

F. Baradari, D.R. Rdwards
Department of Nuclear Engineering

and

H. D. Keith
Department of Engineering Mechanics
University of Missouri-Rolla
Rolla, MO 65401

In this work we investigate the applicability of a "Boundary
Element method" for the numerical solution of the Liouville and
Helmholtz eigenvalue problem for different two dimensional geometries
including a typical reactor configuration. The method is based on
the discretization of the unknown along the boundary and Green's
function representation of the governing equation.

To compare the capability of this method with the finite
element method, a finite element code which uses quadratic quad-
rilateral isoparametric elements was developed. A boundary element
code was also written. These codes were used to determine the funda-
mental eigenvalue for several two dimensional geometries -- square,
"L" shaped, circular, and a quarter of a typical reactor core. The
results of both codes were compared with each other and with analytical
solutions where available. To optimize the computer time for the code
based on the boundary element method, a powerful search technique

called Fibonacci search was used to determine the fundamental eigen-
values.

During the course of this study, it was found that eliminating
the imaginary part of the fundamental solution of the Helmholtz equation
produced an instability in the result. The results show that, due to
the use of the iteration procedure in the boundary element method to
evaluate the determinant of the deduced matrix, more computer time is
required for the boundary element solution than the finite element
solution. However, the results obtained on the basis of the boundary

element technique are more accurate than those from the finite element
method.
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Recent Studies on Finite Element Modeling of Lungs

George C. Lee
State University of New York at Buffalo
203 Fronczak Hall
Amherst, New York 14260

Structural properties and characteristics have always been
regarded as important components in respiratory mechanics studies.
However, very few advancements were made prior to 1970. In the
last decade or so, solid mechanics principles and the finite element
method have been introduced into the study of lung elasticity. This
has opened up a variety of challenging research opportunities. This
presentation will attempt to define the general problem area of
finite element analysis of lungs and to describe some recent research
results on the subject.

A recently-published book entitled Finite Elements in Biowechanics

contains some relevant and updated information on this subject area.
Those who are interested may refer to this book.*

'Hnit.c Elements in Biomechanics, edited by

R.H. Gallsgher, B.R, Simon, P.C. Johnson, and J.F. Gross,
John Wiley & Sons, 1982,

See Chapter 5, "Finite Element Analyses in Soft Tissue Mechanics"
G.C, Lee and N.T, Tseng

Chapter 6, "Deformation of the Lung: The Role of Interfacial
Forces"
D.L. Vawter and W.H. Shields

Chapter 7, "Finite Element Analysis of the Lung Parenchyma”
A.D. Karakaplan, M.P. Bieniek and R. Skalak
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NONLINEAR MECHANICAL CHARACTERIZATION OF
ORTHOTROPIC, INCOMPRESSIBLE ARTERIAL TISSUE

Ramesh N. Vaishnav
Professor of Engineering
The Catholic University of America
Washington, D. C. 20064

The large arteries serve as compliant conduits to carry oxygen-rich
blood from the heart to the peripheral regions of the vascular bed. The
mechanical properties of these arteries are important determinants of
tue hemodynamics of the cardiovascular system in health and disease. A
study of these properties is therefore important in develeping realistic
models of the circulatory system. The tissue of the large arteries is
capable of undergoing rather large deformations and its mechanical be-
havior is nonlinear in terms of the usual measures of stress and strain.
In addition, the tissue is orthotropic, viscoelastic, and essentially
incompressible (1). Outlined here are our attempts over the past decade
to characterize realistically the nonlinear elastic and viscoelastic
properties of the arterial tissue under a physiological loading consis-
ting of an intravascular pressure and a longitudinal tethering force.
The elastic (hyperelastic) characterization (2) is based on assuming that
there exists for the arterial tissue a strain energy density function
which is a function of the circumferential and longitudinal Green-St.
Venant strains. On the basis of inflation-extension experiments on
segments of canine middle descending thoracic aortas it is showm that a
polynomial of the third degree in strains satisfactorily represents the
elastic stress-strain response of the tissue. Similarly, it is shown
(3) that the nonlinear viscoelastic response of the tissue can be
characterized in terms of ten relaxation functions. Finally, a thermo-
mechanical formuilation (4) is presented to show how one can start
with a general theory of continuum thermomechanics and systematically
reduce it to a form applicable toward thermomechanical characterization
of an incompressible, orthotropic vascular tissue.

(1) Patel, D. J. and R. N. Vaishnav. 1980. Basic Hemodynamics and Its

Role in Disease Processes. University Park Press, Baitimore, WD, 504 p.

(2) Valshnav, K. N., J. T. Young, J. S. Janicki, and D. J. Pstel. 1972.
Nonlinear anisotropic elastic properties .f the canine aorta.
Biophysical Journal, 12: 1008-1027.

(3) vaishnav, R. N., J. T. Young and D. J. Patel. 1978. Nonlinear visco-

elasticity of large blood vessels. Ch. 16 in Bsan, J., A. Noordergraaf

and J. Raines (eds.), Cardiovascular System Dynamics. The MIT Press,
Csmbridge, Massachusetts, pp. 140-153.

(4) Vaishnav, R. N. and M. E. Ahmad. 1982, Mathematical characterization
of the ~onlinear thermorheological behavior of the vascular tissue.
To appear in Biorheology.

Acknowled ts: Support of NSF grant OME8006338 is gratefully
acknowiedged.
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CONTINUUM MODELS OF THE MAMMALIAN MYOCARDIUM

John €. Pinmto
Departasnt of Mechanical Engineering
San Diego State University, Sam Diego, Cilifornia 92182

A primery wotivation for research in cardisc mechanics is the desire to
form reliable estimstes of the cardisc function. Hesrt fs san orgm
possessing cowplicated geometry, wall architecture aand non-simple visco-
elastic material constitution. During a normal beat, the size and shape
of the heart undergo large finite changes. Thus for an accurate shaly-
sis of the stress distribution in the siyocardium, it is necessary to
include the finite deformation of the ¥all, its thYee-dfmensional geo-
metry, the complex wall-architeéiture, the mequniform contractile pattern
of its susculature sid the fntersécion bétween its four chasbers.

A mschanical analysis of the heart including d.l the major features msn-
tioned above is not feasible at the present time because sn understand-
ing of (all) the necessiary aspects is not adequate. JNowewer, recent
tecimological advances have facilitated messuremsat of its tiss-changing
size md shape. The wall-strigctural aspacts ave also yelatively well
known. On the "constitutive fromt" tlhe cowplexitiss associated with the
mmpmxm:nm:ouwummmum
Consequently, researchers have primarily focused their atu:un to a0

‘gssentially m-uul mf. of mh.

uun.mmmmuunpmmmm.m-u
donmrncmm*h
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Here T is stress, A is Strétch vatto, ¢ 1s tine ¥* 14 “elestic” réigbase,

0 s temp. snd a, 8, C, Tys Ty are are suscle parematers.
For active muscle:
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dﬁi‘ﬂi’,")
where ¥(t) 8 o ."‘"‘1 (oun ovor 1), ![ﬂ --—-ﬂ’!—
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Studies on an QOptical Modelling Techatque for Predicting Flaw Shapes and
Stress Intensity Distributions in Cracked Bodies

by
- €, W, Smith and:J, S. Epstein
Department of Engineéring Sctence and Mechamics
Virginia Polytechnic Institute and Rate University
Blacksburg, Virginia 24061

The most comwon type of service fracture results from the enlarge-
ment of small cracks by fatigue loading to critfcal size after which
fracture occurs, probiems often involve curved crack fronts, non-
uniform stress inm;it¥ diurimm and nen.planar cracks. Moreover,
since such cracks usually start at stress ratsers, ecwux boundary con-
ditions say from M supﬂm arealso ofm favelved

for over & om«. the ﬂv-si auther and: Ms assectates m tun
working to devaiop & test effective mudelling tecmique for estimating
flaw shapes and SIF distributtons where neither sre known g-priert 1n
order to assist efforts of analysts Ta formulating muerical wmedels for
such prodlems. First developad by cambining frozes stress phutoelas-
ticity with linear elastic fracture mechanics for m M

I losds
l. ,nmmwnmmamm O}MMIy.

53} -m met
infomtion. AR

m'.crbﬁcﬁy ummwm' , toﬁn Yo, this
paper tttawts to assess the axtent of m:m ‘r“m of
these optical methods when utflized to attack threw dinnsim! cracked
body prdmn of mn priority mmlo,ieﬂ faportance. m-m are’
PO u‘ nu;lur felds.

01 with W8, €, V., Pateatusttc aﬂmmwm
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Ph. Destuynder
Division Mecsulque Theorique
Electricite de Trance
Avenue du General de Gaulle - 92141 Clmmart

The goal of this paper is to give & descyiption of the
last tools daveloped at Rlectricite de France for the
anslysis of 2 crack propegation in the sramework of linear
elasticity.

Firet of all, we recall how the use of thermsodynanice
and the choice of & dissipation potential leads to a8 pYo-
pagstion law. Then, ve exasine the case of & complex
loading and give a new rule of sddftivity in case of
simultanecus loading. Creeping and fatigue phenmomend sre
snslyzed 0T several examplss.

m:ummcmmmmocm
release TELS, mummu the crack

We suggeat here & osv e‘oqwuttbul spproach of this
quantity based on the sotion of dexivative with redpect t°
. Wamericsal M with other mathods
such as the J-sntegral prove the validity of out suggestion.

thuntMotoubﬂny (vlchholoo!:hcueonl

order derivative of the Potentisl Energy with respect to
the crack 1ength) is discuased. aifurcation criteris are
slso discuseed. uuny,nmtm-unmh-m
qultmd tmduetukhamphnd
!uuw“eu.dh.




"BOUNDARY INTEGRAL BQUATIONS FOR A
THREE~DIMENSIORAL CRACK"

I. A. Runin snd J. Shlyspobersky
Mechanical Engineering Department
University of Houstom
Houston, TX 77004

Boundary integral equations for arbitrary -hnpod nonplanar
cracks in a three~dimsusional linesr saisotropic sedium are
obtained. The methed of regularisation of the corresponding
singular integral operators (pseudo-differential operators) is
based on a new tachnique developed in [1]. These equations
are convenient for mumesrical es well as sppromimate anslytical
solutions. Expressions for stress intensity factors sre
investigated.

A comparison with othar approaches to the problem [2-6]
is given,

1.
2, :
3. W r-ii;uu.k;x Apdvesiiv, M. N. Staduik, Bug.

4. n.n.lu,z. , %9
5. J.vmn,,m.a.mm.. . 38, 1997,
6. I m,m' J. Appk. Wth. b &2
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ABSTRACT

THERMAL ACTIVATION IN SUBCRITICAL CRACK GROWTH

A. S. Krausz and K. Krausz

Department of Mechanical Engineering,
University of Ottawa,

Ottawa, Ontario, KIN 6N5

Canada.

Time dependent, subcritical, fracture processes are thermally
activated. The fundamental mechanism is controlled by stochastic bond
breaking events leading to a rigorous mathematical description in terms
of statistical mechanics concepts. The relation between the rigorous
transition state theory and the empirical Arrhenius equanon will be
discussed,

The kinetics of time dependent crack propagation proceues and
its application to environmentally assisted fracture was determined. It
was also established that, because thermally activated mechanisms are
stochastic, a probabilistic agpect is always sssociated with environmen-
tal effects. The consequent reliability analysis in deaign and test
engineering will be presented.

Following the developments that took place in the 70's in the
application of the Griffith theory to time dependent fracture, the
process of subcritical, thermally-activated, crack propagation was inves-
:1gated. The transitidn from the go - no go continuum mechamics conside=
ration of the Griffith theory was revised by considering thi discrete
atomic character of the materials. This has led to the dileriptﬁm of
slow crack propagation in tetms of atomic interaction, crack duviu
force, and temnmu.

B. R. Lawn and T. R. Wilshaw, "Fracture of brittle solids" Mrid'g‘
University Press, 'Tdge (1975).

A. S. Krausz and K. !tauu “The xnherently probabilistic charscter of
sub-critical £raeeuu processes” Proc. of the Design Enginmesering Techn
Conf. of the American Scciety for lhehamcal Bn;imu. Rartford,
Conn. pp. 23-28 (1981).

A. S. RKrausz, “The theory of thérmelly u;iutcd pneum in drictle
stress corrosion cracking” Journsl of Mﬁnriu Fracture Mechanics,
Vol. 11, pp. 33-62 (1979)..




Wave-Induced Fracture in Pre-Cracked Thick-Walled Cylinders

A. Shukla
Unjversity of Rhode Island
Kingston, R.1. 02881
and
. P. Rossmenith
Technical University Vienna, Austria

Abstract

ow stable crack extension as well as dymamic crack propagation in
pre-cracked cylindrical vessels sub;bcud to M lu«q as mim
considerable u&nﬂm ln recent years ts impertance in

saveral branches of mrm 10 ox-~
perimentally study cndt hmitt‘lﬂ mﬂn n &m fabri-

cated from & pol waterial Momalite 100, - ‘photoslasticity

:?d‘:*gi% et m#ﬁindumn mmm'::css
e r wave t.%u nmg:n haw-

ing the 1ntn=nctm at a nﬂm;ar s gim F‘lg.

from suc photofm 1ysed 10 obtais crack ition mmr

and the oscﬂh ton in sh mus ‘Inmmv factors during the fnterection

process.

%r. C.H., Gghien, P.C, and .mhu s.t;;, A
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New Method of Analyzing Vibration of a Rectangular
Plate With a Crack Parallel to One Edge

Roman Solecki
Department of Mechanical Engineering
University of Connecticut -
Storrs, OF 08268 . .

Scarcity of solutions for vibrating,cracked finite plates
results mainly from lack of sufficiently general methods.
It was shown in [1] that the case of doubly symmetric lo-
cation of a crack can be reduced to the solution of a sys-
tem of dual series. A mwore general, oonﬁgamion was  inveg~
tigated in [Z] but the singularities at crack tips were dis-~
regarded.Lately the method based on representing a crack as
continuous distribution of dislacations mas shown to be quite
general and efficient.However for finite plates the mechanical
state due tc the presence of a point dislocation is unknown
and hence direct reduction of such problema to a system of
singular integral ‘equations is sofar not possible. The method
proposed in 2] is perfected here.Its main features are:a)app- :
lication of double finite Pourier transformation to a diffe- .
rential equation defining a discontinuous function.This step
is simplified by application of generalized Green-Gauss theo-~
roem.Transformed equation obtained in this way depends on the .
unknown discontinuities across the crack and on the intensi- C A
ties of singularities at its tips;b)next the boundary condi-~ -
tions are applied.This step requires differentiation of not
uniformly convergent double series.Extensive algebraic ma-
xupulatiom involved here are presently considerably -u-pu~

Graen-Gauss theorem.A eoup-

fied by & g appncatioa of P
led system of infinite,h . algebxaic equations is L
thus obtained.The characteristic dcuuimt .this system. - L E
is equated to zero providing the frequency oquelon.mical s .
data are obtained and co-p-:od for the cpoczu case wu:h - .
results presanted in [2] . ] . D
. : 3 DA R
References ot

&) n.sum.t..u. Keer .Vibration and stability of orscked . AT
rectangular plates.Int.J.Sol. .8e2.1972,8,1,69-%2. ' g

Sty

[2) n.cmmz Isotrcpic finite plates with o
th Asnual
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DESCRIPTION Ov TME PATTOUE CRACK FRONY DISYNTSUYION

(u.a".‘)_,,'-‘.(h & .Gu‘ (.“-n)

Movad mﬂ-ﬂ.m-(:hemk!mt
dtoriblion of cyele 4. u,; 58 the faftial comck Lemgth,
Anu-mla-mdt{ttmww

Crack Iaitistion asd Propagecion is Pelyetyetallise Selide”,
Sagx. Precture Necheuics, Vel. 13, Ne. 4, g9. us-on. 1900,
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OPENING AND PIPE CONNECTIONS UMDER INTERMAL PRESSURE *

M. 8. Troitsky, 2.A. Zielineki, and 'M.S. Pimprikar .
Departuent of Civil Engineering
Concordia University '
Montreal, Quebec

A rectangular opening provided nesr the base of the
stacks, Fig. 1, facilitates access to high teuwperature flus
gases. Some rafersnce materidl gives certain design infqtu-
tion concerning the stress condition at circulsr
Bowever, the stress distribution fn the vicinity ue:ncu-
—— lar joints under internal flue gas prumc is not well known

’ and became the subfect of this study. The runge of mmn
pressure for the prasent stuly was considered
Ref.(1,2,3). Stresses sve mum fimite eldint yu-
A trisaguliv fist shell

g, l-lmlm-uhmm
and Pipe Coungetion
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THE TEARING OF A HALF PLAME
J.P. DEMPSEY

Department of Civil and Envirommental Engineering
Clarkson College ot mgy m, l! 13676

The surface 0f an slaiétic half space is subjected to
sudden antiplane mechanical disturbances. Both prescribed
shear tractions or prescribed displacement distributions
sufficient to cause \sexing are trested. The preferred
direction of crack propagation is investigated; instantaneocus
skev crack propagatioa is considered, as well as
instantanscus crack bifurcation. The analysis is, of courss,
directly applicable to geomestries with weak plames, as in
strike-slip famlting.

Por comstangt crask-tip velogcities the particle velocity
is self-similar, a feature that allows the uss of Chaplygin's
veansfornstion ~ which reduces each problem to the solution
oi Laplace’'s equation ia a strip. The Sohwarts-Christoffel
transformetion is substquéntly enployed to mep the semi-
infinite strip oa a Nalf-plaiss. The appropriate hathoaic
fwnction in the half plase is Gbtained by using the theory
of functioms of ciuplan variables. 7The question of complete-
nese is important since the Massonic fumctitn miy satisfy the
mmmmmmﬂwmmmm
singularity. Per various valwes of etask propagetien velouity
the dependenss of the storess istamsity factow oa the angde of
erask peepagation -ie stulied. Amulytic solutiens wne ebtained
for twe particular geometries, and these solutions provide
chesks on ths mawrical results. Some conclusions about the

poseihle mede of tearing are drawm.
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POSITRAOM ANNIRILATION - A TOOL FOR STUDYING DEFECTS IN METALS

H. P. Leighly, Jr.
Department of Metallurgicdl snd Nuclear Engineering
University of Missouri-Rolls
Rolla, Missourt 65401

When a positrom, the positively charged amalog of an electron,
interacts with an electzon, an anmnihilation occurs. This produces two
gamma rays. Ideally, each has an energy of 511 keV, and they are emitted
st pi radians from each other. However, if the process occurs in a
condueting solid, i.e., & wmetal or an alloy, either the positron will
sonihilate wich a valence elactron of some atom, which is loosely bound
to the crystal lattice snd has a relative low energy, or it will amni-
hilate with & core electron, which is more strougly bound to the atom
sucleus and has a relatively higher energy. The energy of the emitted
ganma rays and the angle they make with one anotber ars dependent upon
the energy and the momentum of the sanihilating positron-electron pair.

The vacancies in the metal crystal provide lattice sites in
which the positron may act as a substitute for the missing positively
charged metal ion. As a result, the positron is trapped. Other types
of defects, such as grain boundaries, dislocations, and voids, act as
traps as well. In the traps, there 1s a deficiency of valence electrous,
even though distence between the positron and nesrest core electron is
largs. WVhen smnibilation does occur between the trapped positron and
valence elactrons, the distridution of esergy of the emitted gamms rays
is different than the distribution of the gamma rsys emergy resulting
from the positron-electrou events in a perfect region of the crystal.

Thers ave thres experimental techniques that can be used to
seasure the annihilation effect of gamma Tays. Angular correlstion is
used to measure the angle between the amnihilating gasms rays. The
defects narrow the sngle betweem the rays. In lifetime msasurements,
the time between the emission of a positron by a radiocsctive isotope
and its sanihilation is msssured for many events. From thess measure-
meats, & lifetins can be determined. The presence of traps increases
the lifetime of the positrom in ‘a sstal so that mors then one lifetims
can be determined. In Doppler broadening messurements, the energy of the
gamsme Tays depends on the relative nwmber of amnitidlation events that
place in perfect regions of the crystal compared with the ngmber. of
eveats occurriag betwesn trapped positrons and valence electrons. Any
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{ A RELIABILITY MODEL FOR A
NON: L INEAR DAMAGE PROCESS !

Arwar Khatil Sheikh ¥
Mnic Atmed 1 ST
University of Petroleum & Minerals ;
Dhakran, Soaudi Avabia

Several typss of damage processes lead tQ the fadlure of mechanical ;
devices: Stms exemples of thewe damuge Processes ate: wear, fatigue, !
creep and corrosion.. In this paper we consider a generalized damage pro- ‘
cess defined by tiw randim fumetion BN(t);

pit) = ;¥ ;. t et (1)

vbere ki, B md T are remdew verisbiles, and i
Bit) = damage imcusred: st time t.

If the 1ife of the device is terminated vhen the damege exceeds s
limiting velue: Dj (3.ev, B{t) 2 Dy), thew, 1 will be shown that, umder
certain sssumptioms regarding randem vewisbles A. and By, the following
reliability wodel of the devies is chbeited:

BMt) = 6 M} (2)
— m)»-j_i:qE%e‘lu :

i Cy, of, B3 axe the fnotions of Dy and the meen asd varianes of the
rendon varisbles A aad ¥

et s

et

In this peper various statistical characteristics of the reliability
model proyosed in equation (2) wre dlscussed. The generalized mature of
the proposed. model is eagimeized, and it is showe thad the logmesmald
moded is & special ocmes of the proposed model. The method of estime-
tion of the paremeters of the reliasdility model frem o a0b of resiisstions
(semple fometioms) of 4w Ssmage provess is also illustyated.

s mwu ke Depurtment of Nechwviocal m : \‘
T Asaseiate Profesesy in ths Depavteusnt of Nathemmtiesl Setemeve. oo
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MODELLING DEFORMATIONS AND THERMODYNAMICS
OF CRAQK KINETICS FOR A BRITTLE MATERIAL®

R. B. Stout, garth Sciences Division
Lawrence Livermore National Laboratory
P. 0. Box 808, Livermore, California 94550

A physical, rather than a sathematical, description of a crack is
modelled, The approach uses concepts from dislocation and microcrack
models to define idealized attributes describing the tip region of a
crack. The sttributes characterize both geometry and deformatfon; and
identify a material defect species called a crack dislocation. with the
attributes as varisbles, and using some statistical mechanics concepts,
:iscalar density function for each crack dislocation species can be de-

ned.

The crack dislocation is different from the common edge or screw
species in that it creates a new surface area as well as a displacement
discontinuity as it propagstes through e crystalline lattice. . To model
the discontinuities, a relative deformation functional is developed
which depends on the crack dislocation density function. The crack dis«
locations are sssumed to be the only material defects thet can contri.
bute defommation discontinuities; therefore, the model is only for
brittle materials. ’

The themmodynemic model uses primerily the methodology established
by Gibbs. The existence of sn intemal energy functionsl is assumed.
The met results in a definition for a thermodynamic ential
for crack dislocation kinetics, a generalization of the Griffith crack
propagation concept, and a local measure for the surfsce strain energy
density changes on the crack dislocation line. The equilibrium themo-
dynamic potential for crack dislocation kinetics introduces a thermo-
dynemic concept to demarcate crack dislocation density transitfons from
stationary to non-stationary; hence, it provides a fracture criterion
that has a themodynsmic besis, For nonequilibrium themodynemics, the
Onsager formalism {s used to model the rates and fluxes of the themwo-
dynemic functions. .

WWOTK performed under the ices of the U.S. Department of Energy by
tl'g Lawrence Livemore ml Laboratory under contract trgur
¥~ 7405-ENC-48 '
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ION IMPLANTATION OF STEEL FOR ENHANCED WEAR RESISTAMCE
Dr. RuA. Kohser
Associate Professor of Metallurgical Engineering
University of Missouri Rolla
Rolla, Mtssouri 65401
Pr. E.B, Hale
Associate Profasser of Physics
University of Misseuri-Rolla
Rella, Missourt. 65401

Ion {mplantation is a surface modification techmique in which a target
material is bombarded by a beam of high energy, accelerated ions. These
ions strike the surface of the target, become embeddéd, and cam produce
najor modifications in swrface properties. Significamt development of
the process occurred. {n ths aid-to-lste 1960's and early 1970's, with most
applicatious relating to the semiconductor indvetry. Studiss comesmning
the potential modification of emgiheering metals did not begin wuntil the
early 1970's but Gave continued to produee encouraging reauits. The pro-
Coss posssssss & nusber of astractive fastures. aad sews laborvatory results
are nothiog short of phewowmaal. Curraant limitatioms fecus I&nlyouttw
hkigh capital equipment: cost: and lsek of an esteblishied scientific data base

Focusing attention to possible faprovemsuts in wesr rewistamce, it wes
noted thet order-of-mugmitude redoctions i west rases were comsmiljy re~
ported. Howswer, wwarly sll of this dere wes obtained. fzum laberstory
testing under extrewsly light loading (less thaa 2000 psi). Iawestigstion
at the Usiversity of Missouwri-Biils seughs to further comstier: wees in-
provessats, but with evalustion beimg conducted. at such more reslistic
losds awd prevewmee. Oter the past- two yeare, efforts Weve resulted in:

1. The dowestopmaut of sa’ scceptable Nigh pressuss weer tust prossdute
fox iow implanted specimsns. (Mef. 1)

2. Documsatation of an order of magaitude reduction in the vesr rate
of steet by stCrogew Laplantariow st presseses well inty:the veslis- en~
comnterd in wesrrsounlttvwe mpchenical cwspunants: (W€, 2)

3. Betrwisetiow of she duses depemidisy of wess resistamce for
ndtrogen- Suplunewi (Ref. 2)

4 Ohwervesiow of o dees rate effect for high deew fuplaats.

5. Consdidiration of siternste iuplant species, and

6. Covesth for thermal history of the waterisi priov to, during, mmd

subsequent to implemc.

Current work is focusing on enheacing the wmderstasdiag of alresdy odb-
sotved phonttmns sl sstablishing guidelines sad limitwrions regarding
the applications of the tecimique.

mambumotmnnemuu.rm
Lubricamt Testing Mechime", E.3. Bals, C.P. Myng, and R.A. M. accep~
Iastrusente.

ted for publication, Joyrngl of Scientific
2. "ispaowved Weur Iasistanss by Ton Impleatation”, KA. Fvheer, s x.l.




ON THE MECHANICAL PROPERTIES OF
y' ~ HARDERED Ni-10X CO ALLOY

M. A. Abdou and G, M. Ali
Mechanical Engineering Department
Faculty of Engineering
Al-Azhar University
Cairo, Egypt

The varistion of the mechanical properties as a function
of ageing at 873 K- 073 K for Ni~10X Co alloy precipitation
strengthened by )'-phase was investigated. Constant stress
cteep tests have been carried out over a range of stresses at
1073 K. The dependence of the true creep strain, over almost
the entire creep curve, can be described by:

-ut .
c=c, + ct(l-e Y+tettee (t-t.)

where € is the instantanecus strain on loading, c_ the
transiefit cregp strain, m is & constant, ¢  the otgccy creep
rate, € and p are tertiary creep parametels and t, is the
time to the onset of tertiary cresp. The dependence of the
steady creep rate, €gs OD applied stress, o, can be described
accurately as:

. P
e.-A(o-ao)

The exponent p=4, o_ is the back stress and A is &
material dependent consfant. Previous methods of identifying
o, for a particular system have involved creep testing and

ectron metallography. The work described in this paper
proposes that g, can be measured at only a single atress.
Consequently, tRe variation of the back stress as a function
of the applied stress can well be predicted by the relation:
% -0 - ”n/ 4

where n is the observed stress exponent of steady state creep.

The applicability of this relation has, also, been
extended to Nimonic 90, a cosmercially developed alloy,
cresp tested over a wide twmperature range. The practical -
gains of the present method arise from minimizing the amount
of testing required for the evalmstion of s new enginsering
materisl and in siwplifying the tssk of identifying the
operative creep Bechaniss.
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Righ Temperature Mechanical Properties and Oxidation
Behaviour of NijAl with Hf and Co Additionms.

D.N. Tsipas

Centro de Ingepierfa-IVIC
Apartado 1827 - Caracas 1018-A
Vonerzuela.

Ni-based alloys are finding increasing Use in aircrafe,
marine, industrial gas turbipes and other high temperature
applications, due to their increasing stm;hh and corrosion
resistance over a wide temperature range. « ability of
these ;11:{: to maintain, or improve at elevated tup:ntnres
some of their room temperature mechanical premer
to the presenge of the intemmetallic oe-pouad NisAl (v').

In the present work the high tempersture, yp to 1600°C,
nechanical mﬂm asad' cyclic oxidatipn m;um betusen
45-1175°C intswmatallic compound Ni {v*) with Hf
and Co additions were stadiad, The flow s for these al-
loau varied little with teomparatuke up to ahent 700°C aad

then dzopped npm with W W aﬁfnl

This hmuoui;
precipitate in.
on the creuc k
improved remurinl
cyeling, Mg, 2.

AMA 81+ 20
O W0 M-R
1 %094t 1100
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A NUMERICAL AND EXPERIMENTAL STUDY OF DUCTILE
FAILURE IN METALS®

S.E. lenzleg
Department of Civil Engineering
Bri Young University

vo, Utah 84602

T.G. Priddy
M.S. Soo Hoo
Sandia National Laboratories**
Albuquerque, N.M., 87185

ABSTRACT

A cosbined experimental/numerical analysis has been performed on
the nonlinear response and ductile failure of beryllium, 7075-T651 aluminum,
A5338 steel and 304 stainless steel. The different specimen shapes which
were tested and analyzed produced: (1) pure shear, (2) uniaxial,

(3) biaxial, and (4) triaxial states of stress in an axisymmetric geometry.
Experiments performad on these specimens were subsequently analyzed with
large strain finite element calculations. The calculations closely
modeled experimental behavior. The calculated strésses and strains were
then used to study ductile multiaxial failure criteria for monotonic
Toading configurations. This study concludes that the strain at which

the metals fafl is dependent upon the existing triaxial stress field,
the higher the triaxialfty, the smaller the effective plastic strain at
failure. The relationship between strain at failure and the degree of
triaxiality 1s given by the faflure criterfa.

“This work was supported by the U.S. Departmnt of Energy (DOE), under
Commast oo A-sooree. Depart -

**p J.S. ODspartment of Energy Factlity
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"Experinntal Deternination of Machinsbility,
Aging Charectewistics and Mashuniced
Properties of Alwainwm + 4.9% Copper
Alleys Trested With Rare Barths”
by
Br. Surendwn B: Dufvedt

Maseciate Profesecr
University of North Carolina--Cherlotte

-d
Se. R. Shersn

sdiigisn to alwiibuun + 4.3% cogger en the uging chezesteristics
and alee on the silitmbility. The: age-tunduibhyg pracses at 100°C
occurs at tws ipagee, Whils ar 200°C snd 30°C; it talus plece n
The adfition of misch netsl wes found 10 accelensts the rete of
aging, perticulasly st 100 amd 200°C. The eptimn additism being
5.00. Pusther with 5.08 nisch netal sdiftion enly singie pesk was
cbtained sud the results of slley tyeated with 3% misch metal ot
ul't-uh-u sinflsr to that of wtrested allay ot 200 wd
300°C, The smehinabidicy of alloy trested with N mbeh motel fa
sebution trested condition, wvas Detnir Yy shens 380 tham Wi Amse
sifey. As in the cese of slley 198, the bunefistal eifact of
aging: sie wan @btained en e slley trestnd wih atech mstal.
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A Method for Soft Soldering of Alusinum Alloys

by

¥. L. Falke, Research Chemist and L. A Neumsier, Supervisory tatallurgist
nt of the luteﬂor.mudmm
Ro\h Research Center, P.O. BOR Box 200, Rotla, %o, 65401

ABSTRACY

The Bureau of Mioes, Y.S. uglnuut of the Interior, hat daveloped 2 systen
tut. permits the ready "soft and

standard tin-lesd 80 solders. The wmthod ewplors the application of 3
atckal-copper alloy cod coating to the substnn pﬂﬂ to u\wtu- ™e nloy
preplating enables the ttn—lnd solders the aress to b
joiml. ¥ith cow coaventional ud\m\ou. it ss m-gm y m \0 to nft sol-
der Alumtoum wum and 1tS al\ws The rexc

ous surface oxide £11ws which preveat ntunn spn“h. of th mm

"ith the daveloped mthod, the the aluninum snlmrm 4s given & s sachantcal or
chentcal cleaning trestmnt sutficiem o bend to M win Tager of
zinc applied in &8 electroless zincete trastaent o0 soldered. A
atckel-copper {30 ta 70 pct N) a‘nq eutin {s then a{“d .1m\mauy
over t.m zincate using aither 3 convent -mtmx call or bry

The brush=costing varistion s .mt«l«!LMI for restricting the nickel-

slloy coating to spacific avess to be soidersd, such a8 at for soft-solder
r:::%; .‘)f prazed fixtures, for vhich no visble ‘alternative repair uctmiqm s
8 |

The soldering method my be mnam to other reactive oF Mfﬂatt-»u-mar
ln‘t.i“m upon which 2 thin, am ve conting of atckel-copper atloy can be
) .
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Waite Fexritic bands, dusically eeft and gummy to the
asching, often sppesr tn the microstrycesres of "ss vecefved"
case Jardeming etesis. 4 svuly on inflisemce of uch Sending
on Yackiashifity, Sent Trestmints 48 vell as on wnd ‘proper-
tiee, wie unerbihun and the aportent ramlts evs weperted
im vhis geper. Wiieoss «¥ dmudieg on tetning, Yeniliing
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Session TM-1: MOMLINEAR ELASTICITY
Organizer: M.F. BEATTY, University of Keatucky

Chairperson: S. J. SPECTOR, Southern Illimois
University
Co~Chairperson: T. J. DELPH, Lehigh University

* 9:30 ~ 10:00 R. P. VITO, Georgis Institute of Technology:
"Some Applications of the Theory of Large Elastic
Deformations in Soft Tissue Mechanics"

#0:00 - 10:30 M. F. BEATTY, University of Kentucky:
- - "On the Instability of a Fiber Reinforced, Compres-
sible Hyperelastic Thick Plate Under Axial Loads"

10:30 -~ 11:00 COFFEE BRREAK

11:00 -~ 11:15 R. L. FOSDICK, University of Minnesots and
G. P. MAC SITHIGH, University of Missouri-Rolis:
“Necessary Conditions for Minimizers in Iaextensible,
Pinite Elasticity"

11:15 -~ 11:30 R. ROSTANIAN, Pennsylvanis State University: r
“Internal Constraints in Linear Elasticity: Existence
of Solutions"

11:30 ~ 11:43 S, DOST and P. G. GLOCEKNER, The University of Calgary,
Canada:
"On Beltrami-Mitchell Equations in Finite Elasticity®




SOME APPLICATIONS OF THE THEORY OF LARGE ELASTIC
DEPONMATIONS IN SOFY TISSUE MECHANICS

Raysond P. Vito
Gsorglis Institute of Techmology
Atlants, GA 30332

Biological soft tisewss exhibit complex mechanical behavior. As
naterials, they ace ishemogemsous, anisotrogic sad probsbly compressible.
Deformations and straims are largs. For example, am sttery ia-vivo may
be strained by wp to NX.

There are s number of problems vhich are physie 11y important
vhere mschenies and mechanical wmedsling ave relevamt. (1981) has
suggested using the “pesulic-elastic” responss as s startimg point.

This paper will review seversl applicstions of lmewm selutions to
problems of large elastic deformstions (Crees and Adkims, 1970) to bio-
machanics problem (Vito amd Hichkey 1980, Vito 1979, Vite et al 1979).

Same recuut resslts of medeling the artertal wall which account for
dynamie effects and the laperwd nstws of the wall will also be presented.

1. Pusg, Y.C., fe8: M&mm_ﬁ.ﬂm_fzm
Sprisgar, New Y o

2. Green, A.E. and Adkine, J.E.. Lagpp Elastic Defespatisn. Clarendon
Prese, Oxterd (1979).

3. Vico, R.P., The vols of the pericardium in cardiac wechanics.
J. Btomech. 12 (8): 587-92 (1979).

&. "t" ‘o'o. Mae h. R. st m. E.L., Mechamics of ’nu‘.@

« J. Blomsch. 14 (4): 215-220 (1979).
S. Vito, R.P. and Nicley, J., The worhenical properties of soft tissues
I1I: the elsetic response of erterisl segments. J. Blomech. 13 (11):
9%42-30 (1988).
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ON THE INSTABILITY OF A FIBER REINFORCED, COMPRESSIBLE
HYPERELASTIC THICK PLATE UNDER AXIAL LOADS

by

Millard F. Beatty
Department of Engineering Mechanics

University of Kentucky ;

Lexington, KY 40506

Euler’'s instadbility criterion based upon existence of an adjacent
configuration of equilibrium for dead loads 15 applied to study the
instability of a thick, compressible hyperelastic slab reinforced by
high strength fibers through fts thickness normal to the axis of
tensile and compressive loadings. The solution contains resylts
derived elsewhere for specfal rubberlike materials. In the present
investigation, subject only to certain well known empirical restrictions
on the strain energy function, the solutfon is obtained for every
. compressible and isotropic, hyperclastic material having inextensible

reinforcement arranged as mentioned above. It is shown that due to
the reinforcement instability in both tensfon and compression mey occur.

NECESSARY CONDITIONS FOR MINIMIZERS IN
INEXTENSIBLE, FINITE ELASTICITY

R. L. Fosdick t

Department of Asronautical Engineering and Mechanics
University of Minmesots
Minneapolis, MN 55455

and

- s e s

G. P. Mac Sithigh
Departuwent of Engineering Mechanics
University of Missouri-Rolla
Rolla, MO 65401

We study the mixed boundary-value problem of displacements
and desd-load tractions for an inextensidle, hyperelastic body.
We formulate it as s variational problem; that of minimising
the potential energy of the body and loading device over a
class of kinematically adaissible deformations.

¥e obtain the followiag necessary conditions for a
piecewise regular minimiser coataining singular surfaces:
first and second varfiation conditions, msltiplier rule, jump
conditions, Ruler-Lagrsags equation, natural boundary comditions
sad Legendre-iladamard condition,

e e e e e e e 2t
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INTERNAL COMSTRAINTS IN LIMEAR ELASTICITY;
EXISTENCE OF SOLUTIONS

Rouben Rostamien ; -
: Departasat of Mathematics
' Pennsylvenia State University
! University Park, PA 16802

let S, E, and X denote stress, strain, and the compliance tensor
fields for an elastic material. Thus E = K(S). A material is interpally
constrained at a point if K has a non~trivial null space at that point,
that is, certain stresses do net contribute to the strain. See Pipkin [1].

P R e R T

‘ Consider an elastic body in a bounded domsin Q in l » subjected
' to a body force fisld f in &, and prescribed displacemsnts u aad
tractions s on complemsmtary parts 812 and azsz of the boundary of

2. Let n denote the unit outwsrd normal to the boundary and suppose !
that K 1is sysmstric. Them by ths primcipla of the Minimam Complementary
Eaergy (see Gurtin [2]) c¢he equilibrium stress is a stetionary peint of
cthe functionsl

x(s)--}f s-x(s)d:-jagi- sa dr.
i\

in the set ¢
Ce {S§: divSef in R, San=3 on 3,2}

(IR I RN

Y A4 o gy s
e S A—

In the preseace of ianternal cemstraimts, K has a non-trivial null
space, 80 1 1is not coercive and the ususl proof of the existence of
ninimizers does not go through. Another umusual feature is an extra
compatibility condition that must be satisfised by u. 7To {llustrate, let's
consider a very specisl case vhea the materisl is incompressible and the_
displacement is prescribed on the eakiye boundary. Clearly only those u
are sdmissible that leave the total volume inveriant. With other types of
jntermal comstraists, inextensible fibres for example, classes of admissible
data are not so imtuitively obvious.

——— s ey

e exsming this, and more gemeral bowndsry velws problems, formulate
the admissibility critexia fer the data and prove the existence of solutions

m i),

1. A.C. Pipkin, Comstraints in linearly slastic materials, J. Elasticicy
6(1976) 179-193.

2. M. B. Qurtis, The Linear Theory of Elssticity, Bumdbwch der Physik, -
VI a/2, Sprimges-Vaclag, Berlia, 1972. .
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*
ON BELTRAMI-MITCRELL EQUATIONS IN FINITR ELASTICITY

S. Dut" and P.C. Gloebor’

Department of NMechenical Enginesring, The University of Calgary,
Calgary, Alberta, Canada T2N 184

ABSTRACT

In the linear theory of slasticity, substitution for the strain
teasor in the compatability equations yields six equatioms in terms of
stresses referred to as "Beltrami-Mitchell™ equations which, togsther
with the equilibrium equations and appropriste boundary conditions, de~
fine the stress boumdary value problem. Application of this procedure
in nonlinesr elasticity theory is not as straight forward since the
constitutive ralations are not easily inverted. In sddition, the compat-
ibility equations in tersm of deformation (or strain) temsor are highly
nonlinear sud the egquilibrium equations in terwe of the second Piols-
Kirclihef? stress tensor inwolwe the displacement field explicicy.

Ths siw of this peper is to derive BDaltremi-Mitchell equations
for sonlinear slasticity theory. To elimimate tha difficulties wentioned
skove, tie first PlelavKircihwff stress tensor, §, md the deformtion
sradiemt, ¥, are clioser as fisld veriskles in the dérivation o0 a8 to
vield linear equilibrium amd compatibility equations in terms of S and |,
regpectively. It i sseused Chat an ecergy density, W(J), aad corvespond-
ingly, a cosplemsatary esargy demsity, W (§), exist [1] such that the
contact trassformmtion W(F) + W.(P) =tr (§ D) yialds § = /5L and P =
W, AR, It is required that W(Y) sed W, (P satisfy the axtom of objectivity.

' the comstitutive: equaticus fOY S are ihivertadls, or equivelently,
W (3) exists, substitution of the dyformstion gradisut, P, imto the
compatibilicy equations yislds noalitesr diffarential equsticas in terms
of § only which can be regarded as the Baltrami-Mitchell equations of
oonlinear elasticity. Introdsction of stress fusmctions sstisfying the
equilibrium equations idemtically leads to a system of nine equations in
terms of these stress fumctions, which, together with sppropriate boumdary
conditions, represent s stress boundary value problem.

As an example, the equations are also deriwved for "semi-linear"
elastic materisls introduced in [2].

References

1. Ogden, R.W., "A Note on Variational Theorems in Noulinsar Elasto-
statics", Math Proc. Cqmb. Phil. . 17, 1975,

2, Koiter, W.T., the Principle of Ststionary Complemsmtary Energy in
the Nonlinear Theory of Elasticity”, SIAM Jowr. Appl. Math, 23, 1973.
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The results presented here were obtained in the course of ressarch
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Session TM-2: MNOKLINEAR EQUATIONS

Organizer: M.K. MYERS, The George Washington University
Chairperson: W, EVERSMAN, University of Missouri-Rolla

* 9:30 - 10:00

* 10:00 - 10t30

10:30 - 11:00
% 11:00 - 11:30

* 11:30 - 12:00

12:00 - 12:15

A, D, PIERCE, Georgia Institute of Technology:
"Noulinear Propagation of Sound: A Tutorial Review"

M. K. MYERS, The George Washington University:
"Nonlinear Propagation of Sound Through Nearly Sonic -
Duct Flows"

COFFEE BRRAK

J. R. GINSBURG, Georgia Institute of Techmnology:
"A Direct Method for Non-Linear Acoustics and Its
Application to Underwvater Sonar" .

P. H. ROGERS, Office of Naval Research, Arlington

and D. H, TRIVETT, Naval Research Laboratory,

Washington, D.C.:

"Scattering of Sound by Acoustic Pulses and the
Pulded Parametric Array"

G. H. McDORALD and J. PEDDIESON, JR., Tennessee
Technological University:

“An Approximstion Method for Velocity-Sensitive : ’
Combination-Instability Problems” !
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NONLINEAR PROPAGATION OF SOUND:
A TUTORIAL REVIEW

Allan D. Pierce
School of Mechanical Engineering
Georgia Institute of Technology
Atlanta, Georgia 30332

Acoustics is ordinarily concerned with small-amplitude
disturbances, so nonlinear effects are typically of minor
significance. Small nonlinear terms in the fluid-dynamic
equations can have appreciable accumulative effects, however,
over long distances of propagation or over long periods of
time. Present paper reviews theories applicable to when the
disturbance everywhere locally resembles a propagating plane
wave,

The classical developments of Riemann and Earnshaw lead
to a "first-cut" model for truly one dimensional disturbances in
a homogeneous fluid without dissipation. A waveform distorts as
it propagates. because points of different amplitudes move with
different velocities; the local speed of propagation varies
because of the dependence of sound speed on pressure and because
the disturbance itself induces a flow in the fluid, relative
to which the sound propagates. To a first approximation, the
acoustic pressure p satisfies

a3p/at + [c + gp/pclap/3x = 0

where g is a thermodynamic property of the fluid, density p
and sound speed c are for undisturbed state. This equation
does not apply at shocks; the Rankine-Hugoniot equations lead
to prediction that these move with speed equal to average of
c + gp/pc before and after discontinuity. This in turn leads
to the highly useful '"equal area rule" first discovered by
Landau for predicting locations of shocks.

The small discontinuity in entropy (third order in amplitude)
at a shock accounts for an intrinsic loss in energy independent
of whatever physical mechanism causes the attenuation. To
explicictly take dissipation into account one can derive appro-
griate nonlinear propagation equations (such as Burgers' equation)

y first finding the dispersion relation for constant frequency
linear acoustic waves, k = k(w ), then replacing ik by 3/3x, -iw
by 3/at, and ¢ by ¢ + gp/pc. The dominant mechanism is often
rélaxation, rather than viscosity or thermal conduction, but often
the phenomena is adequately approximated by an equivalent bulk
viscosity. Plane wave models of weak nonlinear propagation have
been wedded to geometrical acoustic models by Whitham, Hayes, and
others, with the assumption that ray paths are not altered by
nonlinear effects. (Material discussed in paper is covered in
greater detail in Chapter 11 of author's textbook, Acoustics.)
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NONLINEAR PROPAGATION OF SOUND THROUGH
NEARLY SONIC DUCT FLOWS

M. K. Myers ,
Joint Institute for Advancement of Flight Sciences !
The George Washington University : R
Hampton, Virginia 23665 : .

The behavior of sound in a high subsonic variable-area duct flow is
of practical interest in connection with the so-called sonic engine in-
let, in which warked reductions of upstream traveling sound have been ob- :
served. A near-sonic steady flow near the throat of the duct causes a 1
transonic trapping of upstream waves, and the resulting intensification
of the field gives rise to nonlinear interactions between the sound and
the flow.

PR

e A

A quasi-one dimensional theory which describes the inherently non-
linear acoustic propagation process in near-sonic flows has been developed
in an attempt to understand some of the physical mechanisms responsible
for reductions of noise ultimately rransmitted out of the duct. The
theory is derived using the method of matched asymptotic expansions and
yields, in the near-sonic inner region of the flow, a set of nonlinaar
equations of motion which describe the interactiens between the flow and
the acoustic field. These equations can be solved snalytically using the
method of characteristics, and their solution is asymptotically matched
to the linearised acoustic solution valid in the low Mach number regiouns
of the flow.

It is shown that the nonlinear effects of the flow on gound are ap-
preciable. For example, sound energy introduced by a simple barmonic
source is partitioned into sn infinite number of superharmonic components
and a steady streaming component after passing through the near-sonic flow
region. Even in the abaence of dissipetion, this partitioning can reduce
significantly the energy transmitted in the fundamental compared to that
imparted atr the source. Of more physical consequence, however, is the
fact that sufficiently high Mach numbars or frequencies cause the mon-
linear acoustic waves to develop shocks in the near sonic region. The
therumoviscous effects modeled by the shock jump conditions result in a
major attenustion of the total atoustic energy transmitted out of the
, duct. This, in conjumction with the spreading of emsxgy into harmonics,

: can lead to a power relduction of as much as 90 in the fundsmental har-
monic during psssage of the sound through the duct.

o s et o—
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A major result of the work is am analytical solution for the loca-
tion and strength of the shocks in the periodic waveform, which is a
generalization of the "equal area” rule of classical weak abock theory.
This anulysis will be deacribed in some detail, and various cemputed re-
sults will be prasented to illustrate the theory.
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A DIRECT METHOD FOR NON-LINEAR ACOUSTICS AND
ITS APPLICATION TO UNDERWATER SONAR*

Jerry H. Ginsberg
Professor, School of Mechanical Engineering
Georgia Institute of Technology
Atlanta, Georgia 30332

The distortional phenomenon of amplitude dispersion in the
propagation of nonlinear, nondissipative sound waves in fluids has been
thoroughly studied for the one-dimensional case. However, the methods
used for such investigations are difficult to extend to multi-dimensional
problems in which there is strong variation along the wavefronts. A 4
perturbation method for solving such problems has evolved through a
sequence of analyses of progressively wore complicated systems. The
result is a general "direct” method which can derive the wave motion
without phenonenological assumptions in situations where the analogous
linear system can be solved.

The basis for the method is the general nonlinear wave equation
governing velocity potential. The method begins by expanding the
potential in a regular perturbation series whose small parameter is the
amplitude of the excitation scaled relative to ambient conditions. 1In
the usual manner, the leading term in the expansion, which is the
linearized solution, is used to form the nonhomogeneous source terms
which drive the second order tersms. Due to wave resonances (secularity)
which are inherent to nondispersive waves,a portion of the second order
potential grows cumulatively relative to the first order terms. The
direct method focuses only on such growth terms when it forms the particle
velocity and pressure. Cumulative growth meang that the solution is not
uniformly accurate. This condition is corrected by introducing a
coordinate straining transformation which must regularize the pressure
and particle velocity simultaneously. The transformation describes the ]
distortion of the signal. The resulting analytical expressions are ﬁ

- ————. —

valid up to the location where a shock forms; extension beyond that
location requires shock fitting.

The application of the direct method to sound beams which radiate
from a transducer in an infinite baffle will be described. The analysis
obtains the potential function by a Hankel transform and an integration
using the method of stationary phase. The fluid medium in this case
acts as an infinite wave guide whose individual modes occur in a
continuous spectrum. In addition to the sawtooth type distortion
observed in simpler systems, the waveform in a sound bemm is found to
display strong asysmetries between compression and rarefactiom, in
agreement with earlier experimental work.

*This work was supported by the National Science Foundation through
grants Bo, CME 8026496 and No. MEA 8101106.




Scattering of Sound by Acoustic Pulses amd the Pulscd Parametric Array

Peter H. Rogers
Office of Naval Research, Arlington, VA 22217

David R. Trivett
Naval Resesrch Lsboratory, Washington, DC 20375

An examination of the scattering of sound by gcund indicates that the boundary
of the interaction region 18 very important in @etermining not only the level
of the scattered svund but also the frequency of the scattered sound. In the
cese of a pulse propagating through a cw plane-wave (vhere the boundary of the
interaction regiom is propagating at the sound speed) the frequency of the
far-field scattered sound at s fixed angle is the cv freacuency, Doppler
shifted 1i.e.,

f.(o.e')-g (1-0096) / (1-008¢)

where £, s the frequancy of the plane-wave, © is the angle between the cw
wavevector and the pulde vavevector and @ is the observation augle with
respact to the pulse wavevector in the Interactfon plane. The scattered
signsl has stroug suxisum at the Duppler angle #_, vhere the frequency of the
scattered signal is equal to the ram frequency. e stattered sigmsal at ¢
observed st a finite distance from the iwteraction region thus appears as ﬂ
pulse whose frequency swispe from & value somevhat sbove the sum frequency to
o value somewhst below the sum frequemcy. In addition to the absence of the
sus and differsnce fraquemcy at most imglae, the theory yeilds no off-axis,
$=0, scattered signal when the pulse propagates in the swme dirsction as the
cw plane wvave. Since this is the geomtry of the pulsed parsmetric array,
which has been experiuestally demonstrated to scatter sum snd difference
frequency, the scsttersd signal muet be generated st some tiwe other than when
the pulse (i.e., intersction region) is freely propagating. Ve find that
while the interaction region has s stationary boundary (i.e., during the time
the pulse exite the fransducer) s sum and difference frequency signal is
produced. Rowever, once the pulse lesves the transducer (so that both
bounderies move st the stund speed) no off-axis sesttered sigral is produced.
The beam pattern is similar to thet obtafned by Westsrvelt {J. Acoust. Soc.
Am, 35, 535-537 (1963) in Wis cw caleulgtion. The received differemce
frequency pulse, hewever, appesrs as if rsdiated dfrectly from the transducer.




AN APPROXIMATION METHOD FOR VELOCITY-SENSITIVE
COMBINATION~INSTABILITY PROBLEMS

Gary H. McDonald and John Peddieson, Jr.
Department of Engineering Science and Mechanics
Tennessee Technological University
Cookeville, Tenness¢e 38501

ABSTRACT
The model differential equation
2, 2, - 2. 2
3, %4-v M(ath'at«cﬁo-%)n(ﬁzto-zv 3,0 =0 (1)

arises in a simplified analysis of velocity-sensitive combustion insta-
pility in liquid-fuel rocket motors. In (1) all guantities are dimen-
sionless with z denoting the mean flow direction, t the time, ¢ &
wvelocity potential, w a measure of the mean burning rate, N a measure
of the unsteady burning rate, ¢ a measure of the initial disturbance,
and x a measure of the influence of baffles. The presence of the term
mltipled by N in (1) distinguishes equations of this type from those
normally encountered in nomlinear acoustics. There is a need to develop
both exact and approxisate mathods for the solution of equations
similar to (1). The pressat paper discusses one relatiwvely simple
approximate method. It consists of performing an approximate modal
analysis of (1) using the Galerkin wethod and then solving the
resulting system of ordinary nonlinear differential equations approx-
imstely by the two-variable parturbation method (method cf multiple
scales) .

The method is illustrated through consideration of a combustor
in the shape of an anmmulus of narrow gap width. In a polar coordinate
system (x, 6, =) the combustor extends from an injector at & = 0 to
a nogsle at 3 = L and has & mean radiug ¥ = 1. A variety of solutiouns
are obtained for the case of transverse disturbances (¢ = ¢(¢, t)).

One sspecially intszesting closed-form solution can be obtained
under the assumption that the last two terms in (1) can be neglected.
It has the traveling-wave form

¢ = oxpl-B/2) sec(cH(1-exp(~¥£/2))/2%) ain(t-8)
raxp (<t/2) tan (e (1-axp (9t/2))/TH sin (2 (t-0)) /22 2. (@

It can be seen that this solution exhibits a violent instability (it
becomes infinite in a finite time) for

"> s/(:"ﬂ » 2.22/¢ 3

T™his beshavior is quite 4ifferest from the process of shock formation
fendlisx from nonlinear acoustics.
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SOME CONSTITUTIVE ASPECTS OF MODELING
PRYSICAL PROCESSES IN THE EARTH

John B. Rundle
Sandia National Laboratories
Albuquerque, MM 87185

For the last one hundred years, it has been known that the
earth is capable of transmitting vibrations due to esrthquakes. This
realization led in turn to elegant calculatioms by Lord Rayleigh,

H. Lamb, A. E. H, Love, and others, in which the earth was modeled as
an elastic body in snd over which elastic waves might propsgate. Even
then, it was known that the earth could not be perfectly elastic,
because the vibrational energy decayed to zero in s matter of hours,
or at most, days. Detailed treatwent of models in which these imper-
- - fections of elasticity are correctly included in wave propagation
calculations has come only recently with the advent of modern high
speed comwputing.

At the same time that applied mathemsticisns were sharpeuing
their calculations of wave propagation, geologists began to realise
that permanent deformations due to earthquakes could occur. Led by
Henry Fielding Reed, the committee charged with the investigatiom of
the 1906 Sen Francisco Earthquake concluded in their report of 1911
that the seismic event had been the product of am “elastic rebownd”™,
Pracise earth surveying measurements, vhich began in the middle of
the 19th century, revealed that sharp offeets of survey monussnts
occurred during the event. These offsets exteanded some ten kilometers
away from the fault, and were modeled well by a physical model in-
volving foam dlocks in relative stick-slip motion. More importamt,
post~1906 surveys extending up to the present time reveal a pattern
of continuing displacemsnts. These deformations are often asseciated
with no kaown seismic event, snd sre clearly the product of a variaty
of inelastic physicsl processes. That such contimuing deformatioms
can occur was at first surprising. However, the mew theory of plate
tectonice predicted very large scale deformations extending over
geologic time, and it was finslly reslized that these deformations
are only a local manifestation of plate scale motiouns.

During the last few years, msuy of the phenomens aseociated
with plste tectouics, including earthquakes, isestasy, fluid flow amd
fluvial processes, snd rock deformation, have besn modeled uaing &
variety of techmiques. These wodels require both & gecmetric repre~
seutation of the process, as well as & constitutive law to relate
stress to deformation. A few exsmples which will be comsidered here
isclude imelastic geodetic crustal deformation dwe to escthpuakes,
volcsnoes, well pumping and hydrofracturs in a ssaisothersal, flewid
iafticrated arust; plate flexurs dus to the ispesition of large
volcanic loeds such as the Rawaliisn~-Bupuror sesmount chaia; esmetite-
tive nodeling of Leboratory rock deformation; large scele flew pro~
casses ia the earth's msntle snd crust! and cowstitutive laws relating
slip on feults to spplied stresses.

Wis work was supported by the U.S. Dapt. of Emergy Comtract Bi~
ADO4-76RP00789.
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On the Dascription of Low Stress, Low Temperature
Creep of Rock Salt*

W. R. Wawersik and D. H. Zeuch
Sandis Mational Laboratories
Albuquerqua, Rew Mexico 87185

The thermomechanical behavior of rock salt is of interest to
interpret the formatiom of salt structures and to evalute the design
of mines, storage caverns and vadiocactive waste repositories. An
important aspect of thess prodlems is the nature of salt cresp at low
stresses snd low homologous temperatures. As a result, several creep
studies were carried out using single and multistasge tests vhere
either stress or temperature was increased between stages. Measure-
ments appear to fit best a simple power law of stress to describe
steady state creep. Transient creep was fitted to at least three
functions. All of them suggest that transients are relatively un~
important becsuse they arve short-lived and limited to small straims.

This paper addresses three questions which are important for
the lication of the preseat creep models, (1) Are the models valid
s under’ srhitrary stress sad temperaturs historiss? (2) Are the
controlling salt cresp sufficiently uaderstood to justify
, sxtrapolations to lower stresses, lower temperatures and long times?,
: and (3) Are observations on laboratory specimens represeantative of
; the behavior of salt masses in situ?

Results will be described from creep sxperiments with complex
stress snd tempersturs histories whexe stress and temperature were
incressed and decreased. In addition, substructure cbservations will
be reviewed which wers made cm "as recsived” laboratory and experi-
msatally deformed specimens and on naturally deformed crystals which
veze cellected from the walls of mine drifts.

Many cteep massuremsnts under decressing stress asd temperature
resulted in anomalously low creep rates which are aot predicted by
the present models. These low cresp rates may lpersist for times which
are long compared with the time scals of engingering problems. The

! data availsble do not exclude the possibility that the anomalies
' following unloading affect the full recevery of secondary creep.

Comparisons of cresp rstes st different stresses snd temperas-
tures as well as substructural observations indicate that at low
of vosk seit may not bDe coutrollad by dislesation
the form the power law fit fer steady state
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ix meay cases. Undertsistise shout the rete ammtiolling defosmstieon
sachanisms suggest cautisn a ths extrupolation of the pressut sadels.
Nowever, substrecteurs copperiasns iz “labsretory dafetued™ and “adae
daformed” sumplis fudients tiue the precessss in laberatory tests are
reopresentative of the peocessss which ave setive ia site.
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ESTIMATES OF RHEOLOGICAL BEMAVIOR OF THE EARTH'S CRUST
AND UPPER MANTLE OVER MILLION YEAR TIME SCALES

Marcia McNutt
Department of Earth and Planetary Sciences
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

The answers to a number of important questions in geotectonics
and geodynamics await adequate models for the rheological char-
acteristics of earth materials over geologic time scales. Most of
the insight into this problem has been derived from the results of
laboratory experiments on rock samples, It is difficult, however,
to apply these models with much confidence to geological and geo-
physical studies because of disparity in time scales and physical
dimension as well as the presence of impurities in the real earth.

One way to circumvent these difficulties is to take advantage
of nature's own experiments as seen in field observations of rock
deformation, The real-earth laboratory is less than fdeal in the |
sense that there are only a limited number of cases for which we
have sufficient knowl of the boundary conditions of the system .
and the prior history of the experiment. Nevertheless, a fairly
consistent picture emerges for the rheological behavior of the
oceanic crust and upper mantle when geophysical observations are
interpreted within the context of laboratory models. Strength in
the upper layers of the seafloor is limited by pressure-dependent
brittle processes and may exceed 600 MPa at 15~ to 20~-km depths,
At deeper levels ductile-flow processes dominate. The exponential
dependence of yield strength on temperature causes a rapid tran- /
sition at about 40-km depth from a high-strength "mechanical ,
Tithosphere® to a deeper zone where the mantle supports deviatoric
stresses Tess than 50 MPa over million year time scales.

Determining the long-term rheological behavior of continental
materials is a much more difficult problem. In contrast to the
simple layer structure, fairly uniform rock chemistry, and short
(200 m.y) geologic history of the ocean basins, .he continents are
heterogeneous in all dimensions and have experienced many deforma-
tion events over their billfon-year history. OData from laboratol
experiments on granite and quartzite suggests that the continenta
crust is much weaker than the basaltic seafloor, but the field
evidence does not always support this claim. In many areas where
continents do appear to be exceptionally weak, deformation may have
been localized on a detachment surface at midcrustal depth where a
combination of parameters such as pressure, reture, pore
pressure, and rock composition have produced a strength layer.
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¥ ity of ower tle:
Inferences from Polar Motion Data

Department of Gsolo?y
Artzona State University
Teweﬁ ng 85287

Until recently most estimates of the deep mantle viscosity
were based on amalyses of post glacial uplifts and there were no
estimates of the sensitivity of the derived viscosity solutions
to variations of the {mput paremeters, such as those asseciated
with the surface loading. In this paper the viscosity of the
Tower mantle 1s arrived at by meking comparisons of the cbserved
secylar moions Of the earth’'s rotation sxis with theovetical
results frem o layered viscoelastic, rotating esrth, which has
besn to glacial forcing, Our mode}, comsisting of an
elastic Iithosphere, a two-layar viscoelastic mentle, an
inviscid core, 1s essentially anslytical amnd this makes it
economically feasible to use as an aid in conducting an extensive
sensitivity analysis of the lower mantle viscosity changes
in the parameters commacted with the deglaciation phenamenon.

On the basis of this type of 1M1rﬁmﬂmlu of the
desp nantle is showm to Tie between 1 and P. Ouwr results,

which just vely en the second harwonic of the strain field, also
Tead to 2 deterwination Of an wpper bound to the thickmess of the
213"#3’... suggests Gt thet mf?'mluﬁam il R riogreind

s & ties
oceanic and continental plates may extend at most around 260 km
into the upper mantle.
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Stable Cranular Rings In
Weak Gravitational Pields

M. Shahinpoor and G. Ahmadi
' Department of Mechanical and Industrial Engineering 7
i Clarkson College of Technology
Potsdam, N.Y., 13676, USA

Abstract

A recently developed statistical kinetic theory for rapid flow of
granular materials and evolution of field fluctuations (1], [2] has been
applied to the problem of equilibrium granular ring configurations in
weak central gravitational fields. The derived governing equations admit
. . such solutions to exist and further reveal that in such stable granular
ring systems particles possess a mean velocity plus s random fluctuating
component. The velocity fluctuation field is created by continuous ran-
dom collisions of particles with each other as they move through the
gravitational field. The average mean square energy associated with
such random fluctuations is denoted by e and is shown to be coupled
through three nonlinear second order differential equations with the
bulk density p and the mean tangential velocity Vo of the grains. It
appears that certain perturbations of central gravitational fiselds allow
stable granular ring configurations to form. Two specific ring solu-
tions sre finally presented and discussed.

o et e

g 1 - Ahmedi, G. and M. Shahinpoor, A Kinetic Theory for Rapid Granulsr
: Flows and Evolution of Fluctuations," MIE-CCT, Granular Materials
Ressarch Laboratory, Res. Rep. No. 077, March (1982).

2 ~ Shahinpoor, M. and G. Ahmadi, "Fluctuation Equilibrium In Rapid ;
Flow of Granular Materials," (in press), (1982). |
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CREEP BENDING OF ROCKS
by

J.6. Singh and P.C. Upadhyay
institute of Technology, Banaras Mindu University
Varanasi ~ 221005, INDIA

Various constitutive equations, empirical as well as those based on the
machanical models, have been proposed in the literature to define rock creep
behavior. However, a fact that the creep rates of rock under tensile and
compressive loadings differ significantly {1-2] has not recelved much attention
as far as its possible effect on the bending of rock structures is concerned.
For the elastic bending of rock beams [3] and plates [h-5] (without creep) it
has been reported that the inclusion of the double elastic property (unequal
Young's modulus in tension and compression) of rocks affects the bending re-
sults significantly. In this work we present the effact of double elastic
and viscosity constants on the creep bending of rock beams and plates, based
on the Burger's model. The influence has been found quite significant. The
figure, for example, shows, for different 8, the shifting of the neutral sur-
face (NS) as the creep progresses. £ and ¢ represent, respectively, the
ratios of the Young's modulii and viscosity constants in tension and compres-
sion, anddl = ht/hc is the ratio of the thicknesses of tensile and compressive
zones on the two sides of the neutral surface. The initial position of the
%S is governed by the value of B, while its fine) (time + =) position (shown
dotted), corresponding to pure viscous stats, Is decided by the value of ¢.
During the intermediate times, NS position is governed by a factor 6, which
is a function of 8,¢ and soms other paramsters related to the Burger's model.
This shifting of the NS, consequently, brings changes in the other related
quantities Vike deflections etc., which are discussed in the paper. Similar
to 8 and ¢, the influence of the other parameters have also been depicted and
discussed in detail.

(1] Chug, Y.P., Trans. AIME, Vol.256,
Pp.259-264 (1974).

[2) vWewersik, W.R. and Brown, ¥.S.,
Report Mo. UTECME-73~197, University
of Utah, Salt Lake City, UT (1973).

{3) Jaeger, J.C. 24d Cook, N.G.VW.,
‘‘Fundementals of Rock Mechanics,"
Chapmen and Hall Ltd., London (1971).

(8] Singh, J.G., et.al., Intl. J. Rock L IRAE BARE TN/t RREE BT
m)nm. Sci., Vol.17, pp.377-381

(5] Singh, J.G. and P.C. Upsdhyay,
23rd U.S. Symposium orn ARock Mechanics
to be held st Barkeley, CA
(Aug. 25-27, 1982).
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Session TM-4: FINITE STRAIN PLASTICITY
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Organizer: J. F, BELL, The Johns Hopkins University
Chairperson: A, S, KHAN, The University of Oklahoma-
Norman

* 9:30 - 10:00 J. F. BELL, The Johns Hopkinsg University:
"Cyclical Loading at Finite Plastic Strain: A
Comparison of Experiment and Theory"

[ PR

* 10:00 - 10:30 T. W. WRIGHT, Ballistic Research Laboratory:
“Plastic Waves in ‘a Circular Cylindrical Rod"

o

10:30 - 11:00 COFFEE BREAK

% 11:00 -~ 11:30 M. PITTERI, Universita di Padova, Italy:
"on the Kinematics of Twinning"

SECERIRIRYS 0 ) P

* 11:30 ~ 12:00 K. S. HAVNER, North Carolina State University: -
“Ianterrelations Among Hardening Rules, Minimm Work, :
and Uniqueness in Finite Multiple-Slip of F.C.C. . _ §
Crystals" 1
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CYCLICAL LOADING AT FINITE PLASTIC STRAIN: A COMPARISON OF EXPERIMENT
AND THEORY - James F. Bell. Johns Hopkins University, Baltimore, Marvland.

The close correlation between experiment and a proposed incremental
theory of finite plastic strain has been described previously.l’ 2 Any
general theory of plasticity whether or infinitesimal or finite strain
must include unloadin,. For complete :enerality one should determine, too,
the response for non--proportional stress paths in the domain of cyclical
loadin,. The results given here are Ior sucii a study.

Six types of two-dimensional non-proportional stress paths are con-
sidered, including those of the experiments made famous by Taylor and
Quinrey in the 1930's. Sufficient repetitions and variations for each
tvpe of cvclical stress path made it pessible to examine in detail a
number of pertinent questions beyond the main result, wiich was the
iinding that the writer‘s incremental theorv provides constitutive
relations for the region of total plasticity at finite strain after a
cyclical stress incursion. Each test included several unloading and
reloading intervals. In some instances total unloading occurred; in
others, there were different degrees of unloading. The history of
cyclical stress paths ranged from slow or smooth unloading and re-

R ' loading to incremental impact. In all instances, including sudden loads
in the unloaded domain, subsequent reloading closely followed the writer's
b incremgntal theory for finite plastic strain. When the unloading cvcle
included rapidly applied loads there was a rise in stress at the general-
! -zed or effective stress where finite strain plasticity recommenced on
i reloading, the magnitude of the outer yield surface increased but the
1 ‘subsequent response was in as close a correlation with the rate independ- ]
ent incremental theory of finite plastic strain as in the initial loading . ;
for the same test. . ’ .

The experimestal aspects of this study also included the role of the
strain increment vector at the outer vield surface and during subsequent
loading; various types of time delay during the unloading cycle; the
role of creep; and, unloading chosen to examine in detail the interest-
ing properties of the outer yield surface itself.

Noting that the writer's incremental theory of finite strain defines
all stress and strain components in terms of the original undeformed
reference configuration, these cyclical loading experiments compare the
plastic response for components thus defined with plastic respomse in
which stress and strain components are referred to subsequent unloading
configurations. For the latter, the observed response functions are
disordered. 1la cyclical loading, theory and experiment correlate only
when components are referred to the original undeformed state, as
assumed in the incremental theory of finite strain. BEven when the
unloading and subsequent finite strain intervals occur as smany as seven
or eight times in an individual test, this correlation obtains.

(1),(2)James F. Bell, "A Physical Basis for Continuum Theories of Finite
Strain Plasticity,"Archive for Rational Msch. & #;%cu. Part I1:
Vol.70,pp.321-338 (1979); Part IL: Vol.75,pp. 104-126 (1981).

(3) James F. Bell and Akhtar $. Khan, 'Finite Plastic Strain in Annealed
Copper during Noo-Proportionsl Losding.” lauternat'l Janl. Solids &
Structures, Vol. 16, pp. 573-583 (1980). B
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PLASTIC WAVES IN A CIRCULAR CYLINDRICAL ROD

T. W. Wright
Ballistic Research Laboratory, APG, MD 21005

Rods are simple structures that are often regarded as one-dimensional con-
tinua, but because of finite transverse dimensions, propagating waves are sub-
ject to dispersion, which may mask other effects. A linear theory [1] and a
nonlinear generalization {2] have been published to model the dispersive effect
in elastic materials. Some of the principal features of those theories are as
follows. There exist two characteristic wave speeds that may carry discontin-
uities in acceleration or stress gradients. Nevertheless, for problems of
pulse propagation the main effect is a smooth wave and is carried by a third
speed. The first two correspond to bulk speeds, and the third corresponds to
the bar speed. Periodic steady waves in either the linear or nonlinear case
can be found, and solitary steady waves can be found in the nonlinear case.

The rod model discussed above may be viewed as a one-dimensional continuum
theory with one internal, scalar variable. The same structure may be used to
model plastic waves in a rod. That is to say, the same kinematic and stress
variables may be used to model plastic deformation as have been used for elas-
tic deformation. The increment of mechanical work done on an element of the
rod may be written as follows, ’

dW = Sdw' + Pdu + Qdu',

where w' is axial strain, u is radisl strain, S is axial stress, P is average
radial pressure, and Q is the radial moment of radial shear stress. The prime
denotes the derivative with respect to the axial coordinate. In the nonlinear
elastic case the stress variables are obtained from a potential, but in the
plastic case a yield function and flow rule must be obtained after decomposing
the strains into elastic and plastic parts. This can be done in a plausible,
though not in a rigorous way.

In the plastic case, as in the elastic case, the bar speed is always less
than the fast characteristic speed, but it turns out that there is a substan-
tial range of parameters for which the calculated bar speed is less than the
slow characteristic speed. Since the slow speed is the lower limit at which
information can propagate in the rod, the very low cslculated bar speed pro-
bably indicates a major change in the mode of deformation such as necking in a
strong tensile pulse or mushrooming in a strong compression pulse.

Systematic scaling and expansion procedures are being developed for pulse
propagation so that the structure of solutions may be examined more completely.
Some special solutions will be discussed.

{1] R. D. Mindlin and G. Herrmann, A One-Dimensional Theory of Compressional
Waves in an Elastic Rod, Proc. 1st U.S. Nat. Cong. Appl. Mech., pp. 187-
191 (1950).

[2) T. W. Wright, Nonlinear Waves in Rods, Proc. IUTAM Symp. on Nonlinear

Elasticity (Lehigh, Aug. 1980, to appear). See also Tech. Rept. ARBRL-
TR-02324, Ballistic Research Laboratory, Aberdeen Proving Ground, MD,

May 1981.
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ON THE KINEMATICS OF TWINNING

Mario Pitteri
Univeraitas di Padova
Seminario Matematico

Padova, Italia

Most theories of twinning are essentially kinematic and
aim at explaining some features of the phenomenon, like twin-
ning planes and twinning directions for various crystalline
species. We outline a kinematic theory of twinning which is a
continuum theory, that is, involving gross quantities like the
gradient of deformation. On the other hand, the material
symmetry of the comnstitutive equations is such as to retain
some features of the description of a crystal in terms of a
crystalline lattice. We show that the definition we propose
is consistent with a number of twinning modes in the cubic,
teatragonsal and hexagonal classes and show that, in a simple
case, ve get results consistent with experience from the
kinetmatics we propose and thermoelastic equilibrium theory.
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Interrelations among Hardening Rules, Minimum Work, and Uniqueness
in Finite Multiple-Slip of F.C.C. Crystals*

Kerry S. Havner

Department of Civil Engineering, North Carolina-State University
Raleigh, NC 27650

As first argued in [1], one cannot expect hardening rules that represent
qualitative features of finite distortion and latent hardening of single crystals
under axial load to uniquely predict experimentally-observed response in mul-
tiple-slip orientations. For double-slip positions of f.c.c, crystals, the postulate of
minimum rate of plastic work (for a given axial-load rate) introduced in {1] and
further explored in [2] resolves the question of uniqueness for several plausible
hardening rules (including classical Taylor hardening and the "simple theory" of
rotation-dependent anisotropy first proposed in [3]) in favor of the highest sym.
metry deformation mode, which seems physically likely. In higher symmetry posi-
tions (4, 6 or 8-fold symmetry), minimum plastic working follows from loading axis
stability and axisymmetric deformation, but the converse does not necessarily hold,
For such cases an hypothesis of minimum plastic work to second-order in nominal
stress increment is suggested and its consequences investigated as regards unique-
ness for different hardening rules,

{11 Havner, K. S, A theoretical analysis of finitely deforming f.c.c, crystals in
the sixfold symmetry position. Proc. R. Soc. Lond. A 378, 329-349 (1981}

[2] Havner, K, S,, Minimum plastic work selects the highest symmetry deformation
in axially-loaded f.oc, crystals, Mech. Materials 1, 15 pp. (1982, in press)

{31 Hawner, K. S. and Shalaby, A. H,, A simple mathematical theory of finite dis-
:ortio)t.ul latent hardening in single crystals. Proc, R, Soc, Lond. A 385, 47-70
1977 ‘ - -

-

#*This work was supported in part by the U, S. National Science Foundation, Solid
Mechanics Program, through Grant MEA-7808154,
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Session TM-5: BOUNDARY METHODS

Organizer: 1. HERRERA, Universidad Nacional Autonoma
de Mexico
Chairperson: G. ALDUNCIN, Universidad Nacional Autonoma
de Mexico
Co-Chairperson: M. M. TANG, University of Missouri-Rolla

* 9:30 - 10:00 1. HERRERA, Universidad Nacional Autonoma de Mexico:
"Foundations of the Use of Co-plete Systems of -
Solutions"

* 10:00 - 10:30 U. BRISE, Technische Bochschule, Aschen, W. Germany:
"Applications of the Extrapolation Method"

10:30 - 11:00 COFFEE BREAK

* 11:00 - 11:30 G. ALDUNCIN, Universidad Nscional Autonoma de Mexico: , i
"Boundary Methods in Contact Problems” .

: * 11:30 - 12:00 F. J. SANCREZ-SESMA, Universidad Nacional Autonoma
‘ de Maxico, Mexico:
"Boundary Methods in Scattering of Elastic Waves"

* 12:00 - 12:30 M. DRAVINSKI, University of Southern Califormia,
Los Angeles:
. : "Diffraction of P, SV, and Rayleigh Waves by Two
| . Alluvial Valleys of Arbitrary Shape"
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POUNDATIONS OF THE USE OF COMPLETE SYSTEMS OF ém.mous

Ismael Herrera
Universidad Nacional Autonoma de Mexico
IIMAS -~ D. F. Mexico

There are two main approaches for the formulation of
boundary methods; one is based on boundary integral equations
and the other one, on the use of complete systems of
solutions. The author has given extensive descriptions of
the latter methods [1-3]. Their theoretical foundations
embrace the following aspects: a) Approximating procedures
and conditions for their convergence; b) Pormulation of
variational principles; and c) Development of complete
systems of solutions. Here, a general exposition of those
foundations is given. Among the procedure included are the
null field and the source methods.

References

1. I. Herrera, "Boundary Methods for Fluids”, in Finite
Elements in Fluids Vol. IV, E.H. Gallagher, et al.,
eds., John Wiley & Sons, 1982..

2. 1. Herrera, "An Algebraic Theory of Boundary Value
Problems"”, KINAM, Vol. 3, No. 2, 1981, pp. 161-230.

3. 1. Herrera, "Mathematical Foundations for the Use of
Complete Systems of Solutions", in Pundamentals of
Boundary Elements, Vol. 3, C.A. Brebbia, ed.,
Pentech Press, 1982. (In press)
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APPLICATION OF THE EXTRAPOLATION METHOD

Ulrich Heise
Technische Hochschule, 5100 Aachen, W, Germany

Numerical results of the boundary integral equation method are extra-
polated. However, this paper could be interesting also for users of other
wethods (e.g. for users of tue finite element method) since in principle
extrapolations are applicable vhenever results depend on a step size.

For numerical treatment of integral equations the boundary is usually
divided into elements and the sought function is approximated by a linear
combination of given functions over each element. The coefficients of
the combination are determined e.g. by collocation. To improve the
accuracy of the results, either the number of elements or the degree of
interpolation can be increased, The extrapolation metiod considered
here is capable of yielding extremely accurste results with a relatively
smsll number of elements and a low degree of interpolating functions.

Its principle consists ~{ solving the probleam in question not ounly once
but m times with diffirunt)v fine divisions of the boundary into
elements and of combiaing the m solutions in a suitable manner.

The knowledge of the functionr £ (h) occurring in the asysptotic
expansion of the error ¢(h) represciits a yrumoution for application
of the,utnpumm uethod:

c(hi)- a(hi)—c -a, l(hi)+azf (h Y.t -1 -l(h )"‘lh(ll )
wvhere ¢ is the numerical solution. It depends on the length h (i-12..m)
of the elements of the i-th dioctetiut.ion. o* is the corrupo&din;
exact solutiom.

Neglecting the error term ) of higher order one obtains a Systen
of m algebraic equations for ion of an "extrapolated value® o*
and of approximstions s, for :h. coefficients &, 13

 § 1
o4+ E a f(h) =oa(h,)
=l rri 1
Usually 6+ is much wore accurate then the best one of the values a(h,)

directly calculated with the aid of the boundary integral equation’
method,

Yor extrapolation of numerical values it is necessary that the
unknown exsct solution is unique. However, the operator of one
isportant type of integral equations has isolated saro eigenvalues,
i.e. arbitrary. linear combinations of the corresponding sigenfunctions

are superimposed on the solution, It is showm by an exsmple how unique-

ness can be enforced., Certain eigenfunctiocns of the adjoiant operator
are added to the kernsl, These can be interpreted mechanically as
layers of edgs dislocations.

U. Haise, Removal of the zero eigenvalues of integral operatorg in
elastostatic boundsry value pmbl-, Acta Mechanica 41 (1981),
41-61,
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BOUNDARY METHODS IM COMNTACT PROBLEMS

GONZALO ALDUNCIN

Divisi8n de Estudios de Posgrado
de la Fracultad de Ingenierfa.
Universidad Nacional Auténoma
de México. 04510 México, D.F.

NEXICO
ABSTRACT.
4
r . This talk is devoted to explain the application of

boundary methods, formulated via approximations of complete

systems of solutions, to contact problems or, in general,

e e

to problems with unilateral constraints on the boundary.
Examples from elastostatics and heat conduction theory are
, presented.




BOUNDARY METHODS IN SCATTERING OF ELASTIC MAVES
by
Francisco J. Sénchez-Sesma

Instituto de Ingenierfa, Universidad Nacional Autfnoms de MéExico
Cd. Universitaria, Apdo. 70-472, México, D.F., Coyoackn 04510, MExico

ABSTRACT

A brief review is presented of doundary methods in elastodynamics in
connection with problems of scattaring of elastic waves. A boundary method
based on the use of complete systems of solutiond is discussed, as an
alternative to boundary integral equations. The method has been applied
with success to problems of scattering of harmonic SH vaves (1,2)., Here
an extension is made to treat the scattering of slastic P, SV and Rayleigh
wvaves by irregularities on the surface of am elastic helf-space. Such
irregularities are of the types shown in figure 1. Some numerical results
are given. They are compared with those obtained by Wong (3) who uses a
boundary method which employs solutions for line sources. Some possible
applications in earthquake engineering and engineering seismology are
diacussed.

S ’ REFERENCES

1. England, R., Sabina, F. J., and Herrers, 1., "Scattering of waves
by surface cavities of arbitrary shape using boundary methods",
Physics of the Earth and Planelary Interioxs, 21 (1980) 148-157.

2. SSachez-Sesma, F.J., Harrera, I., snd Avilés, J., "A boundary method
for elastic wave diffractiom- Application to scattering of SHwaves
by surface irnzn.hrithc", BSulletin of the Seismological Society of
Amernica, 72 (1982) 473-490.

3. Vvomg, B. L. "Diffraction of P, SV, and Rayleigh waves by surface

tm;;nphiu". University of Southern California, Report Mo. CE79-05,
€1979).
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- placement field is evaluated th h-out the media for

OIFFRACTION OF P,SV, AND RAYLEIGH WAVES ﬁY TWO ALLUVIAL
VALLEYS OF ARBITRARY SHAPE

Marijan Dravinski
Department of Mechanical Engineering
University of Southern Californfa, Los Angeles

Plane strain mode) for diffraction of harmonic waves
by two alluvial valleys of arbitrary shape is investigated
by using & boundary integral method. Perfect bonding
between the valleys and the half-space is assumed. Dis-

linearly elastic, homogeneous and isotropic materials so
that the continuity conditions between the valleys and the
half-space are satisfied in mean square-sense.

Numerical results are presented for two semi-elliptical
valleys for incident P,SV, and Rayleigh waves for different
angles of incidence (P and SV-waves). It 1s shown that the
surface motion depends very much upon the angle of incidence
and the type of incoming wave. Maximum surface motion is
observed atop the valley which is in “shade" of the other
valley relative to direction of the incident wave. Com-
parison with the single valley models tndicate that the
presence of the additional valley changed significantly
the surface response atop each of the valley. This is a
different result when compared with the one for the anti-
plane strain model, where "{lluminated" valley detected very
Tittle the presence of .additional valley.
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ASPECTS OF FRACTURE

M, COMNINOU, University of Michigan
J. R, BARBER, University of Michigan

Co-Chairperson: N. C. HUANG, University of Notre Dame

10:00

10:30

11:00
11:30

12:00

12:15

S. REMAT-NASSER, and H, HORII, Northwestern University:
“"Compression Induced Crack Kinking and Curving with
Application to Splitting, Bxfoliation, and Rockburst"

GoA.C. GRAHAM, Simon Fraser University, Burnaby, Canads:
"Crack Problems in Vigcoelasticity Theory"

M. COMNINOU and J. R, BARBER, University of Michigan:
"The Penny-Shaped Interface Crack with Hest Flow:
Imnperfect Contact Case™

N. KIKUCHI, University of Michigen:
"A Finite Element Analysis of Crack Problems Involving
Closure"

K. P, MEADE and L., M, KEER, Northwestern University:
"A Semi-Infinite Plane Crack on a Bimaterial Interface"
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COMPRESSION INDUCED CRACK KINKING AND CURVING
WITH APPLICATION TO SPLITTING, EXFPOLIATION, AND ROCKBURST*

S. Nemat-Nasser and H, Horii

Department of Civil Engineering
The Technological Institute
Northwestern University
Evanston, Illinois 60201

ABSTRACT

Kinked and curved extension of & pre-existing crack fnduced by
compression in linearly elastic brittle solids is analyzed, and it
is showm that, dc,.ending on the orientation of the pre-existing crack
and on the friction factor, kinking occurs for a wide range of pre-
existing crack orientstions at an sngle close to 70° from the direc-
tion of the pre-existing crack, aud curves and grows parallel to the
direction of the maximum compression. The growth process is stable
initially, but the rate of fncrease of kink length with respect to
the increasing axial compression dramatically incresses after a cer~
tain kink length is attained, and, in fact, the kink length becomes
unbounded, if s small lateral tension also exists. Various limiting
cases are examined, and the corresponding analytical estimates are
compared with the numerical results, arriving at good correlatioms.
A series of qualitative experiments are performed on glass plates ard
thin plates of Colusbia resin CR 39, arriving st excellent agresmant
with the analytical results. In light of the analysis, the phenomena
of axial splitting, exfoliation (or sheet fracture), and rockburst
are exsmined, and it is shown that they may ail be the results of
kinked curved tensile crack extension induced by great compressiom.
This assertion is then supported by a series of axperiwents which
show that compression induced temsion cracks seem to have no tendency
to move toward the free surface, but rather they extend more or less
parallel to the free boundary, in the direction of maximum compres-
siom. Possible lateral buckling which may result, and which may
cause further unstsble crack extension, is illustrated experimentally
and discussed i{n an effort to shed light on the phenomena of rock-
burst and surface spallation.

*This work has been supported by the U.S. Alr FPorce Office of Sclenm-
tific Ressarch, Grant No. AFOS8R-80-0017 to Northwestern University.
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Crack problems in viscoelasticity theory
G.A.C. Geaham
Mathematics, Simon Fraser University, Burnaby, B.C., Canada V5A 156

To a degree greater than their alastic counterparts, viscoelastic
boundary value problems for cracked bodies are subject to difficulties
arising from the unilateral nature of the boundary conditions that
should be satisfied over the crack faces. Por a crack of constant
length in a body loaded in temsion/compression perpendiculsr to the
plane of the crack (1] or subject to an alternmating field of pure
bending (2] analyses of at least the initizl phase of ths motion have
been made. In the former cass & quits comprehsnsive treatment incliuding
a state solution has been given for a standaxd linsax solid (3].
ror a ial whose relaxation functions vanish ot infinity (e.g. a
Maxwell body) steady states solutions to the prablems described in (1]
[2) may be obtained from a direct analysis [4]. All these solutions
involve stress intensity factors that can change sign and crack
opening vhen its elastic analogue would be closed. The probles
described in (1] is in some ways dimpler in the context of a crack
that grows vhemever it is entirely opem {5]: in that case the crack
is open or clased depending on whether the body is in tension or
compression and the stress intensity factor does not bBecome negative.

{1} G.A.C. Graham, Stresses and displacemsnts in cracksd linsar
viscoslustic bodies that are acted upon by alternating tensile
and compressive loads, Int. J. Bwng. Sci. 14 (1976), 113S-1142.

[2) G.A.C. Gxaham, Viscowlastic crack in & field of pure beanding.

[3) G.A.C. Graham and G.C.W. Sabin, Steady state solutions for a
cracked standaxd lingar viscoelastic body, iechanics Research
Commmications, 8 (1981), 361-366.

(4] G.A.C. Graham and K. Comninou, Periodic solutioms of viscoslastic
boundary value problems.

{51 G.A.C. Graham and G.C.W. Sabin, The opening and closing of &
growing crack in a linear viscoslastic body that is subject to
altesnating tensile and compressive losds, Int. Jouxn. of
Practure 14 (1978), 639-649.
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THE PENNY-SHAPED INTERFACE CRACK WITH HEAT FLOW:

S IMPERFECT CONTACT CASE

Maria Comninou
Department of Civil Engineering

J. R. Barber
Department of Mechanical Engineering & Applied Mechanics

University of Michigan
Ann Arbor, M! 48109

A solution is given for the thermal stresses due to a penny-
shaped crack at the interface between dissimilar materials loaded in
tension, for the case where the heat flux is into the material with
the lower distortivity. Regions of separation, imperfect contact and
perfect contact are developed at the crack plane. A harmonic
4 potential function representation is used to reduce the problem to a
four part boundary value problem which is formulated at a set of :
simultaneous Abel integral equations using the method of Green and A
Collins. These equations are further reduced to a single Fredholm :
equation which Is solved numerically. finterface tractions and
stress functions are presented for representative cases.

The effect of heat flow is profoundly influenced by the relative
signs of Dundurs constant B and a constant y describing the mismatch
of distortivities. I|f the more distortive material is also the more
rigid, the contact region of the crack face is increased by heat flow.
Otherwise it is reduced.

e -
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A FINITE ELEMENT ANALYSIS OF CRACK
PROBLEMS INVOLVING CLOSURE

Noboru Kikuehi

Department of Mechanical Engineering and Applied Mechanics
The University of Michigan
Ann Arbor, M1 48109

Although there are rather complete studies of crack problems in-
volving unilatera! contact, few. attempts have been made to solve the
problem using finite element methods. One of the difficulties in the
process of finite element approximations is the well-known singular
behavior of the stress arcund the crack tip. In this article, a mesh
optimization approach is used to improve the quality of the finite
element . approximation Instead of the Introduction of a ‘'singular
element'’ around the tip. Another feature of the present study is the
unilateral nature of cracks. For the opening case, the problem becomes
a usual crack problem. However, If the closing case is included, a
contact problem with friction must be solved. Two approaches are used
in considering the unilateral contact. The first is essentially the
penalization ~ regularization method combining incremental smalysis and
is popular in the area of finite element methods. The second approsch
is a mathod combining the classical and finite element analyses. The
local nature of the contact is considered by the existing amalytical
solutions whereas the remaining part of the problem is taken care of
by finite element methods. Comparison of the two approaches is discussed

for several problems.
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A SEMI-INFINITE PLANE CRACK ON A
BIMATERIAL INTERFACE

K. P. Meade and L. M. Keer
Department of Civil Engineering
Northwestern University
Evanston, Illinois 60201

The problem of a pair of point loads applied to the faces of a semi-
infinite plane crack on a bimaterial interface is considered. The vector-
ial representation of Trefftz for the displacementbvector is used in the
formulation.

The first step in the solution is to consider the elastic equilibrium
of a half-space where part of the surface is fixed and on the remaining
part a normal point force is applied. A straight line divides the two re~
gions. This represents a limiting case for the title problem where one of
the materials is rigid. The solution is obtained through the use of inte-
gral transforms which must be inverted numerically. Stress-intensity
factors as well as level cﬁrves for the stresses on the fixed portion of
the boundary are obtained.

This procedure is extended to the case where normal point forces are
applied to the faces of a semi-infinite plane crack on a bimaterial inter-
face and similar quantities are evaluated. The case of applied shear

forces is also discussed.
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H Session TM-7: DYNAMICS OF COMPOSITE MATERYIALS

* 9:30 - 10:00

* 10:00 - 10:30

10:30 - 11:00
T * 11:00 - 11:30

* 11:30 - 12:00

* 12:00 - 12:30

Organizer: T.C.T. TING, University of Illimois at Chicago

Circle

Chairperson: P.G. HANSEN, University of Missouri-Rolla
Co~Chairperson: T. MURA, Northwestern University

L. E. MALVERN, R. L. SIERAKOMSKL, C. A, BOSS, C. T. 8IN,
R, W. DODDINGTON and S. K. CHATURVEDI, University of
Florida-Gainesville"

"Ballistic Impact Damage in Fiber-Reinforced Composite
Laminates"

J. N. REDIY, Virginia Polytechnic Institute and State
University:
"“Forced Motions of Anisotropic Compesite Plates™

COFFEE BREAK

C.T, SUN, Puridue University - West Lafayetse:
"On Modeling Impact Response and Damsge in Composite
Laminateg”

T.C.T. TING, University of Illisots st Chicago Civcle:
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BALLISTIC IMPACT DAMAGE IN FIBER-REINFORCED COMPOSITE LAMINATES

L. BE. Malvern. R. L. Sterakowski. C. A. Ross. C. T. Sun,
R. W. Doddington and S. K. Chaturvedi
Engineering Sciences Departsent
University of Florida, Geinesville, . 32611

Abstract

Ballistic impact experisents on glass/epoxy laminates have
revealed that a sequential delsmination mechanism. initisted by a
generator strip cut out of the first impacted lamina, is a
significant factor in energy absorption at subperforation .
speeda. A linear relationship was found between impactor kinetic
energy and total delamination area (above s threshold speed).
Effects of varistions in impactor length, msss and nose shape and
of lsuinste stacking sequence have been investigated. Details of
the transient deformation wave and of the generator strip and
delasmination crack propagation have been recorded by high~speed
photography and by strain gages snd other sensors.

Previous results are reviewed, and recent results obdtained
with an eight-channel transient recording system are presented.
The residual or retained strength and stiffness of impact-damsged
plates has slso been studied {n static three-point bend tests.
The investigation has recently been extended to other materials
(graphite/epoxy and Kevlar/epoxy). OQualitative differences were
observed between the effects of laminate stacking sequence in the
graphite/epoxy snd glass/epoxy plates for the 0°/90° laminates
prepsred from unidirectionsl prepreg tapes and cured in an
autoclave.
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FORCED MOTIONS OF ANISOTROPIC COMPOSITE PLATES'

J. N. Reddy
professor, Department of Engineering Science and Mechantics
virginia Polytechnic Institute and State Unfversity
Blacksburg, VA 24061

- ABSTRACT

A shear-Tiexidle finite element is uploy’d to fnvestigate the
transient response of layered composite plates'. The element s based
on the equetions geveraing the s laminated plate theory that
accounts for the transverse shear strains and large rotations (in the
von Karmen sewss). The closed-form solutions to the linsar theory are
shom to exist for twn diffecemt lamination schemes under appropriate
beundary conditions, snd sinugsoidal distridution of the transverse

Toad. The ¢losed-form selwtions mtnvmtu in the ferm of ordinaly
differantial equations in time, and ordinary differential equatfon
are integrated using the Newmark direct integration method., Numerical
results for deflections and stresses are presented showing the effect of
plate side-te-thickness ratio, aspect ratio, material orthotropy, and
Tamination scheme. The results presented herefn should de of interest

to composite-structure designars, ard to experimentalists amd numerical
analysts in verifying their nsuf’tl. :

Reference

1. Reddy, J. N., "On the solutfons to forced motions of rectengular

composite plates,” Report Mo, VPI-E-81.24, Department of Engineering
Science and Machanics, VPI & SU, Blacksburg, Va.

s investigation is rted by the Structural Mechanics Program of

t:n 'A:; Force Office of Sclentific Research (AFOSR) throwgh Grant AFOSR-
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ON MODELING IMPACT RESPONSE AND DAMAGE IN COMPOSITE LAMINATES

C. T. Sun
School of Aeronautics and Astronautics
Purdue University
West Lafayette, IN 47907

Abstract

When a composite laminate is subjected to impact of a hard object,
stress waves and damage are produced in the laminate. In general, the
energy imparted from the object to the target laminate is absorbed in
two forms, i.e., the vibration energy stored in the laminate and energy
dissipated at the faflure cites. The latter is responsible for the so-
called impact damage which causes reduction in strength and fatigue life
of impacted composite. The separation of the two forms of energy is an
important step in quantifying impact damage.

In this paper, a complete procedure for modeling the impact phenom-
enon is presented. A static indentation test was used to establish the
contact law for a spherical object and a graphite/epoxy laminated com-
posite. The contact law consists of loading and unloading parts. For
loading we have

FakalS

where F is the contact force, k 1s a contact rigidity coefficient and a
is the indentation. The unloading curve is given by

F= F“ (—bl'ﬂo )2.5
w " %

where F, is the contact force at which unloeding begins. is the
indentat jon corresponding to Fy, and ay s the permanent indentation.

The measured contact law was then incorporeted into a plate finite
element program for computing the contact force history, the dynamic
response of the laminate ahd the energy dissipated during impact. Ex-
periments were conducted to msasure the contact force and the dynamic
strain responses at various locations on the laminate. The experimental
results were found to agree with the finite element solutfons.

Included in this paper are experimental results for residual
strength and fatigue 1ife of the laminate after impact. The reduction
in strength and fatioue life was correlated with a plastic emergy result-
ing from impact.
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HIGHER ORDER ASYMPTOTIC SOLUTION FOR WAVE PR
IN ELASTIC LAYERED COMPOSITES

T.C. T. Ti“mi ring
Departanent of Materials Engineeri
University of Illinois at Chicago Circle
Chicage, Illinois 60680

Wave propagsation normal to the lsyering of s semi-infinite
elastic composite which occupies the space x > 0 is studies. Bach
unit cell of the composite consists of ‘two laywrs of linesr, mot
necessarily isotropic, elastic msterials. The stress response at
the N cells distance from x = 0 is obtsimed by an asywptotic
analysis. By compuring the ome-terw, two-term end throe-tefh wsyap-
totic solutions, we obtain the values of N for which eech ssymp-
‘totic solution may be considersd as a ressomable approximite solutiom,
Finslly, we apply the three-term asymptotic solutism to N =5 mnd
compare the result with the exact solution obtained by the ray theory.
Good agreswent is obtained sewen for this smmi) value of N,

T.-C. T. Ting, in | ' ) ‘Procasdings of
e Thire Invornet Wﬂills. »d. Wy

AZ'R. Bunsell, C. umu, A. Nartvenchar, D. ewkes sad G. Verchery,
pp 707-718, 1930.

APPLICATION OF COMPOBITR SMELL AMALYSIS
TO MECRANICS OF TOWGIRYRY
OF TNE BYE

of
discusged, 1
m»rmmmu:hmmo!-
and ivs relstionship to

R. 5. Wacey eud B. Mery, Acts Ophshalsmplazica, 37, 1939, pp. 495-507,

A.hlih--ll.r. W,WuaMmdmlﬁ"
. - - Y N. Cista, od, Batweod Academic
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MODELLING
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"Experimental and Analytical Correlation of Several
Rate Dependent Thermomechanical Constitutive Equations
at Elevated Temperature"
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H. F. BRINSON, Virginia Polytechnic Institute and
State University:

"“Experimental Aspects of a Nonlinear Viscoelastic
Model for Graphite/Epoxy Laminates"

COFFEE BREAK

T. NICHOLAS, Wright-Patterson Air Force Base:
"Constitutive Modeling of Engine Materisls"

E. KREMPL, Rensselaer Polytechnic Institute:
"“Viscoplasticity. Theory and Experiment.”

Z. RRIGENG and W, MIANBA, Academia Sinica, China:
“The Relsationship Between Loading Rate and the
Compressive and Tensile Strength of Granite Specimena™

Y. E. HASSAN, Ontario Research Foundation, Caneda and
K. E, MACHIN, University of New Brunswick, Canada:
"Dynamic Stress Concentration in Plates Subjected to
Biaxial Impact"
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Experimental and Analytical Correlation of
Several Rate Dependent Thermomechanical
Constitytive Equations at flevated Temperature

Devid M. Allen
Assistant Prefesor
Asrespace Engineering

Maloar €. Haiser
Professor
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Toxas A § M tnfversity -
College Station, TX 77843

During the past decade, cansidevable vesearch has bsen initiated to
'y ana’ytically the precise thermamechanical censtitution of crysu:-
Tine 1s at high tomperature. Nodals curvently wnder mmsm

I et e e e,

clude the wi oﬂ!y based n‘ﬂ t{ eg, et al. [l].
the senlineer viscselasticity theory i’ Malker [2], and the clas- {
stcal plasticity theery by Allen and laisler ( hese models are similor :

in that each is fermulated using twe faternal state variables representing
\ the dislecation dansity and fon srvengement. They differ consider-
: aly in the growth law for each of thete intermal state weriables. There-

,?
§_
i
i
!
i
i
H
g
:

acy ’
smalyticelly ¢o enperimans! results ebtained at Taues A €& N Univarsity.
mzmuwwxmxumuummumne

, caprestive leadings at comstant temperatures of S00°F and 1600°F. The

" comparetive resuits will lead te assesammuts fer fubure fuprevemsats of the

| curvent madels. .
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Experimental Aspects of a
wnlinear viscoelastic Mdel for
Graphite/Epoxy Laminates

D. A, Dillard
Engineering Mechanics Department
thiversity of Missouri-folla
Rolla, Missouri

H. F. Brinson
Engineering Science and Mechanics Department
virginia Polytechnic hstitute
Blacksburg, Virginia

A discussion indicating laminated fiber-reinforced composite materials
are finding numerous applications in a vartety of fields as designers strive
for lightweight structural components is given. Jssociated with this inc-
reased usage, s a growing concern over the Tong term structural integrity of
composite systems. ANthough the fiber reinforcement may exhibit minimel time
dependent response, the currently used polymeric matrix systems do exhibit
substantial viscoelastic behavior. Tese time dependent processes are greatly
accelerated by elevated temperatures, absorded moisture, and higher stress
levels. To ensure long term structural integrity of these material systems,
accelerated characterization procedures are needed to allow the designer to
predict the long term behavior of a general Taminate based on a minimal amount
of short term tests [1, 2]. A numerical procedure is currently being devel-
oped to predict the response of a general laminate based on short term tests
on the unidirectional matertal [3].

A nonlinear viscoelastic model based on the Findley procedure [4] has
been used to accurately represent the creep of several graphite/epoxy com-
posites. Applying this approach to unidirectional 0°, 90° and 10° off-axis
tensile specimens, the viscoelastic response of a Tamina can be characterized.
The resulting Yamina model has been useful for representing the behavior of a

lamina in a numerical procedure to predict creep and delayed failures of gen-
eral Taminates. Also, {ndependently, the Findley procedure has been used to

characterize the nonlinear viscoelastic behavior of general 1aminates.

References:

Brinson, H. F., 0. H. Morris, and Y. T. Yeow, "A New Experimental Method

for the Acelerated Oharacterization of Gmposite Mterials,” Sixth Inter-
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22, 1978.

Yeow, Y. T., D. H. Morris and H. F. Brinson, "Time-Temperature Behavior of
a Unidirectional Graphite/Epoxy Composite,” ASTM STP 674, 1979.

pillard, D. A., D. H. Morris, and H. F. Brinson, "Creep and Creep Rupture
of Laminated Graphite/Bpoxy C(omposites,” VPI feport MWPI-E-81-3, Blacks-
burg, YA 1981.

Findley, M. N., and D. 8. Peterson, "Prediction of Long-Time Creep with
Ten-Wear Oeep Mta on Four Plastic Laminates,” ASTN Proc., Yol. 58, 1958.
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Constitutive Modeling of Engine Materials

or. T. Mcholas v
AFWAL Materials Laboratory (MLLN)
Wight -Rtterson Air force Mase, OH 45433

Turbine engine structural components are subjected to extremes in temper-
ature and stresses. In advanced mil itery engines, disks can undergo inelastic
and time-dependent deformetion, especially in the region of stress concentra-
tions. In order to accurately predict component 1ife, the meterial behavior
must be realistically described in a computationally efficient form. The
model must be able to describe monotonic as well as cxclic loading, creep and
relaxation, and strain rate effects, The constamts in the mode! must be ob-
tained from simple laboratory tests.

This paper describes the testing program used to gemerate experimenta)
data on three nickel base syperslloys used as turbine disk meterials in Mr
Force engines. The types of tests and data are described along with the pro-
cedures for determining material comstants in several constitutive medels
which are used to describe time-dependant inelastic meterial behawior. In-
cluded are, cner-frtom incramntal strefn rete medel which incluins toed
history effacts through the vse of a state varisdla., wWritions of the Malveran
overstress mode! combined with Wrten's l1aw for creep are d1so presented. Mp-
plicn:‘lons to problems involving cracked geometries are presonted and dis-
cussed.
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VISCOPLASTICITY. THEORY AND EXPERIMENT.

Erhard Krempl
Departwent of Mechanical Engineering,
Asronsutical Engineering & Mechanics
Rensselaer Polytechnic Institute
Troy, New York 12181

Abstract

The theory of viscoplasticity based on total strain and overstress [1,2]
and servocontrolled testing with strain measurements on the specimen gage
length are used to illustrate the necessary interplay between experiment and
theory in constitutive equation development. All tests are done at room tem-
perature on AISI Type 304 Stainless Steel and on s Ti-alloy. Both materials
exhibit significant rate dependence creep and relaxation in the plastic range.

The uniaxial version of the theory contains two material functions, the
vigcosity functiom which depends only on the overstress, and the equilibrium
stress-strain curve. It is operationally defined as the stress-strain curve
traced out as the loading rate spproaches zero. In constant strain(stress)-
rate loading the constitutive equation, linear in the stress and the infini-
tesimal strain rates but nonlinear in stress and the infinitesimal strain,
admits an asymptotic solution which is rapidly attained.

For the determination of the equilibrium stress-strain curve relaxation
tests with extrapolation to an inelastic strain rate of 107! s”! are most
suitable. Alternatively strain-rate change tests involving two orders of
magnitude are used in conjunction with the asymptotic solution to determine
the overstress and therefore the equilibrium stress [3,4].

The three-dimensional, infinitesimal, isotropic formulation requires the
use of ‘s generalized Poisson's ratio. Using strain gages and axial and trans-
varse clip-on exteusometers, Poisson's ratio is determined in uniaxial mono-
tonic and cyclic loading. Results show deviations from the constant volume
assumption of inelastic deformation. The viscoplasticity theory based on
overstress permits the inclusion of these inelastic compressibility effects.

References

1. Cernocky, E. P. and Krespl, E., "A Nonlinear Uniaxial Integral Constitutive

Equation Incorporating Rate Effects, Creep, and Relaxatiomn," Intermational
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THE RELATIONSHIP BETWEEN LOADING RATE AND THE COMPRESSIVE
AND TERSILE STREWGTH OF GRAMNITE SPECIMENS

~ by Zhu Reigeng and Wu Mianba

Institute of Rock and Soil Mechanice, Academis Sinica,
Wuhan, China

Rock wmss is subjected to dynasic load at different load-
ing rates Auring propagation of stress wave from the focus
by the rock sass. It is of importamce to seek after the re-
lationship between the loading rate and the compressive and
tensile strength of rock for studying blasting effects in
rock sass, deteraining safty distamce and evaluating stabil-
ity of geotechnical projects, ete..

Some compression aad double punch tests have been con-
ducted to five groups of cylinder-shaped ite rock spec-
imens sizes of X 190mm and X 105a=s at different
loading retes in the range from 10° kg/cm?/sec. to 10%kg/ca?
/loc..ozz s fast pneudraulic loading machine which the max-
imus 1 is 400 $on and the fastest rise time is 8as.

con;::cionat ok ‘

1. granite ro cimens gein much im compressive
and temsile strength vi::.lirtinc the loading rate. The for-
nulation of this problem is assumed by these tesats as fol-
lows:

L] '6.(14511;%:'03(1"'%:)2,

where Oy and 8¢ are the atatic value of strength and loading
rate, 0 and & are the dynamic value of strength and loading
rate. D) is 0.075 and D; is 0.030 in compression tests, D,
is 0.050 and D: is G.007 in tension tests.

2. Q, the rate of the compressive atrength and the ten-
sile strength of the granite specimens, increases with the
loading rate going up. Some data are preseanted:

1g 6 0 1 2 3 TR

Q 13.0 13.6 1.5 15.5% 17.0 20.5

Fair agreesment between results and practical probleas ha-
been obtained.
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Dynamic Stress Concentration In

‘ Plates Subjected to Biaxial (mpact

' Y.E. Hassant and K.E. Machiné

' +: Section Head, Engineering Dynamic Analysis, Ontario Research
Foundation, Mississauga, Ontario, L5K 183

#: Professor, Mechanical Engineering Dept., Univ. of New Brunswick,
P.0. Box 4400, Fredericton, N.B., Canads

Response of structural discontinuities in plates sub-
Jected to biaxial fppact is investigated experimentally using ex-
plosively induced stress pulses. Series of tests were performed on
aluminum plates with and without discontinuities. Each plate is -
subjected to two independantly induced pulses. The apparatus used
in this investigation consists of a long aluminum plate ballisti-
cally suspended using threads of low inertia and free to move in a
horizontal plane. As shown in Figure (1), the plate is subjected
to two biaxial impacts, perpendicular to each other but in the plane
of the plate. Each impact is produced by lead pellets fired from an
air rifle. An automatic firing mechanism is used to flire each rifle.
The two firing mechanisms are connected together by a delay unit
which is used to delay the operation of one firing mechanism with
respect to the other by a certain specified amount of delay time
which could be controlled from 0-200u sec. Straln gages were used
to measure strains at the discontinuity, a central circular hole of
3/k inch diameter, and the results ware displayed on an oscilloscope.
The results are summarized In Figure (2) where the dynamic stress
concentration factors, K, and K, In direction ) and 2 of Figure (1),
are plotted against the belay t?me between the two pulses. It is :
concluded that the dynamic stress concentration factor decreases at :
the point where two perpendicular compressive pulses meet. It is
also concluded that this effect is greater for pulses with a wider
wave front. :
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"A Theory of Pseudo~Rigid Bodies: Gemeral Structure
and Simple Exact Solutions"

REFRESHMENT BREAK
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"Description of Mixing of Diffusing and Reacting Fluids
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Rate and the Stretching Tensor"
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"On. Non~Newtonian Secondary Flows in Tubes of Non-
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G. P. GALDI and S. RIONERO, Universita di Napoli:
"Non-Linear Asymptotic Stability Analysis for Solutions
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A, G. HERRMANN, Stanford University:
"On Conservation Laws in a Consistent Shell Theory"

T. J. DELPH, Lehigh University:
"Isovector Fields and Self-Similar Solutions for Power
Law Creep”
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Consequences of the Second Law of Thermodynamics
for the Cattaneo~Maxwell Model
of Rinid Heat Conductors

by

David R. Owen
Department of Mathematics
Carnegie-Mellon University

Pittsburgh, PA 15213

The kinetic theory of gases and the guantum theory of heat conduc-
tion in crystalline solids provide a basis for modifying Pourier's law
of heat conduction with a term linear in the time derivative of the heat
flux vector. From the paint of view of continuum thermodynamics, it is
natural to give an interpretation of the modified Fourier law within a
set of constitutive equations which is compatible with the Second Law
and to study the resulting equation of energy balance. 1In this talk on
rigid heat conductors I describe joint work (1) with Bernard D. Coleman
and Mauro Pabrizio on compatibility with the Second Law and (2) with
Bernard p. Coleman on preliminary studies of the energy equation. 1In
the research (1) we take the Second Law to be the statement that the
integral along a cyclic process of the heat gained divided by the abso-
lute temperature not be positive and we show that there exists a unique
entropy function which obeys the Clausuis-Duhem inequality. The smooth-
ness of this function yields an explicit formula for the internal energy
as a function of temperature and heat flux in which dependence on heat
flux cannot be trivial. The research (2) shows that the energy equation
is necessarily nonlineaxr in the heat flux - eaven though the modified
Fourier law is itself linear - and yields non-trivial travelling wave
solutions.
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Coherent Phase Transformations in Metals and Rocks

by

R. D. James
Divigsion of Engineering
Brown University
Providence, RI 02912

Coherent first-order phase transformations are identified by sur-
faces of discontinuity of the deformation gradient or composition
produced by a continuous deformation. These transformationa are respon-
sible for twinning and martensitic transformations in metals and the
coherent phases of some feldspars: as such they attract the attention
of both metallurgists and geologistsa.

Some simple theorems of kinematics place strong restrictions on
the way such phases arrange themselves. An analysis of all possible
arrangements gshow that very few of them meet the conditions of continuity
mentioned above. 1 shall present a brief description of the arrangements
which are possible, and then I shall congsider further restrictions which
follow from the equations of equilibrium applied to the stress fields
‘defined on these arrangements. A definite set of "phase rules” emerges
which llow trom kinematics, equilibrium, sysmetry, and infinitesimal
stability.

An application to the (225) habit plane in martensitic steels will
be discussed.

A Theory of Pseudo~-Rigid Bodies:
General Structure and Simple Exact Solutions

by

Robert G. Muncaster
Departmsnt of Mathematics
University of Illinois

Urbana, 1L 61801

Shells may be viewed as two-dimensional bodies with one director.
Rods may be considered one-dimensional bodies with two directors.
Psesudo-rigid bodies are zero-dimensional bodiss with three dirgctors.
The main descriptors of the motion of a pseudo-rigid body are a position
vector locating the mass center and a director tensor for characterising
orientation as well as compression and shearing effects of deformation.

A theory of pseudo-rigid bodies rapresents the simplest step up
from rigid body mechanics to a theory of deformable bodies. In this
lecture a theory of pseudo-rigid bodies devised independently by Cohen
and Muncaster will he outlined. It is novel in that the basic governing
equations are ordinary differential equations.

The general stiucture of the theory, and its relationship to non-
linear elasticity will be described. Alsc some simple exact solutions
will be presanted which indicate the value such a theoxry may have in
practical problem solving.
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Description of Mixing of Diffusing and Reacting rluids
in Terms of ths Concept of Material Surfaces

by

J. M. Ottino
Chemical Engineering Department
University of Massachusetts
Amherst, MA 01003

The essence of fluid mechanical mixing of diffusing and reacting
fluids can be traced back to kinematics, connectedness of material
volumes, and tr port pre occurring across deforming material
surfaces. Descriptions based on kinematics of howmeomorphic deforming
material surfacea (tracers) are solely restricted to continuous motions
and conveniently analyzed by transport equations in lagrangian frames.

Connectedness of material volumes restricts the mixing topology and
generates bicontinucus structures characterized by intermaterial area
and striation thickness distributions. Upper bounds for area generation
and material line elongation are related to mean values of viscous
dissipation and govern the average reaction rate in diffusion controlled
reactions. Two concepts are introduced: micromixing, related with
local flows, rate of stretching, and local viscous dissipation, and
macromixing, associated with connectedness of isoconcentration surfaces,
vorticity, and average viscous dissipation.

Several small-scale flows can be used to typify the interplay be~
tween fluid mechanics, mass and energy transport, and chemical reactions:
elliptically symmetrical stagnation flows, vortex decay, and swirling
flow with uniform stretching. It is proposed that complex fluid motions
might be interpreted in terme of integrated behavior of populations of
small scale flows distributed in space and time to simulate mixing be-
havior.

The objective of this work is to present the foundations of a con-
tinuus mixing description making reference to earlier approaches to
demonstrate computational applicability and practical significance.
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ON THE RELATIONSHIP BETWERN THE LOGARITHMIC
STRAIN RATE AND THE STRETCHING TENSOR
by -
Morton E. Gurtin and Kathleen A. Spear
Department of Mathematics
Carnegie-Mellon University
Pittsburgh, Pennsylvania 15213
ABSTRACT
In this paper we investigate the relationship between the stretching
tensor D and the logarithmic (Bencky) strain 2y, with Y the laft
stretch tensor. We establish thes simple formula
R = (g’ - symtpR 2,
p
| which holds for arbitrsry three-dimensional motions. Here [ 1is the
) daformation gradient, (Ln)¥)® is the time dsrivative of 2R measured im &
; coordinate system which rotates with the left principal strain axes, and : l
; is the spin of tha right principal strain axes. We use this formula to y :
! that D = (4n))*, (or, equivalently, D = (fay)*, ¢he Jaumann derivative of ] ‘
i Awy), if and only if the characteristic spaces of the right stretch tensor 3
Y are constant on smy “ime interval in vhich the number o distinct ¥
\ principal stretohes is constant. Pinally, we show that ths sayagtotic
approxisation !
= (e + 0(ed) m
holds whenever the displacement gradient J sstiwfies J, i = o(£). ;
' Li i
;
!
t
j o oae *
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ON NON-NEWTONTAN SECONDARY FLGWS IN TUBES OF NON-CIRCULAR CROSS-SECTION*
Charles G. Speziale

Mechanical Engineering Department, Stevens Institute of
Technology, Hoboken, N.J. 07030

ABSTRACT

It has long been recognized that the steady flow of an incompressible
non-Newtonian fluid through a straight tube of non-circular cross-section

will not, in general, be unidirectional like its Newtonian counterpart (1,2}.

Secondary flows occur in the transverse planes of the tube independent of
end effects. Here, the flow is initiated by a constant axial pressure
gradient which is maintained by external means. The tube is infinitely
long so that the velocity field and pressure gradient are independent of
the axial coordinate.

In this paper, a simple sufficient condition will be derived for the
onset of secondary flow. More specifically, it will be proven that
secondary flow occurs when the axial velocity gives rise to any non-zero
difference in the transverse normal stresses. The proof of this result
will be obtained by an analysis of the vorticity transport equation subject
to the assumption that the normal stresses possess two continuous partial
derivatives with respect to each cross-sectional coordinate of the tube.

It will be shown how this sufficient condition can be utilized in a direct
manner to prove that for simple fluids such secondary flows constitute a
nonlinear effect (a fact which has long been recognized). However, it

will also be shown that, for non-simple fluids (i.e. fluids where nomlocal
effects are important), these secondary flows can arise from linear terms.
Applications of certain non-Newtonian models that have been utilized in
turbulence will be considered along with the prospects for future research.

REFERENCES

{1} A.E. Green and R.S. Rivlin, Quart. Appl. Math. {§.299 (1956),

{2) C. Truesdell and W. Noll, Handbuch der Physik Vol. III/3,
Springer.Verlag (196S).

*Research sponsored by the Exxon Education Foundation.
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NON LINEAR ASYMPTOTIC STABILITY ANALYSIS FOR SOLUTIONS TO NAVIER-STIKES
EQUATIONS IN A HALF SPACE.

Giovanni P.Galdi § Salvatore Rionero

Istituto di Matematica "R.Caccioppoli”,Mezzocannone 8,80134 Napoll,Italy

We study uniqueness and non linear stability of steady solutions to “avisr
Stokes eauations in a half space H, say, z®»0.These solutions deoenc o~lv

on the z coordinate nrthogonal to z=0. The main mathematical difficul=les

in treating this king of problem are essentially

a) H i{s an unbounded domain with unbounded boundary;
b) The basic soiutions do not have any summability property
(in fact, they zre constant in both x.y directions).

We prove uniquaness of the above solutions in a class I of soJ,utions
which are infinitesimal as z-se and mey even "grow" as (x +y )~we>
Successively, assuming that the initial perturbation is square summable

in H, we reduce the nan-linear stability analysis to an eigenvalus proble~
(which is shown to be solvable) and prove thst if a suitable "Reynolds
number” associated to the unperturbed motion is not "too large® thgn all
perturbations belonging to an I-type class necessarily belong to L [-)
and, moreover, become uniformly bounded in space for large time t anZ,
finally, tend to zerc as t—+=e® , in the supremum norm. The methods em-
ployed are essentially those developed in 143.02].

The above theory can be applied to several physically interesting cases
such as the buoyancy boundery layer [3]) and the Ekman boundary layer f].

REFERENCES

1. G.P.Galdi & S.Rionera, Ann Mat Pure App (4) 115 (1877) 119-154.
2. G.P.Galdi & S.Rionero, Arch Rational Mech Anal, in press.

3. J.).Dudis & S.H.Davis, J.Fluid Mech, 47 (1971) 381-403.

4, J.J.Dudis & S.H.Davis, J.Fluid Mech, 47 (1971) 405-413.
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On Conservation Laws in a Consistent Shell Theory

by
. R. Kienzler*
Institut fur Mechanik, Technische Hochschule, 6100 Darmstadt, West Germany
and
A. Golebiewska Herrmann
Division of Applied Mechanics, Stanford University, Stanford, CA 94305 USA

Within the framework of linear or non-linear elasticity, conservation
laws. proved to be successful in calculating energy-release rates in frac-
ture mechanics or forces acting on mobile energy sources such as defects.
Invariance of the Lagrangian with respect to a group of material transform-

ations leads to path-independent integrals in three-dimensional and plane
two-dimensional elasticity.

Recently attempts have been made to establish path-independent inte-
grala for shells. It seems that the assumptions of first-orier shell
theories complicate the criteria as to what kind of transformations on a
curved surface are admissible, Application of a consequent quadratic
approximation of the equations of three-dimensional elasticity theory
results in a consistent shell theory. The Lagrangian takes all terms into
account up to the order h?/12R2 . (h 4is the thickness of the shell and
R is a characteristic radius of curvature of the middle surface.) It
turna out that the existence of path-independent contour integrals depends

not only on the type of transformation, but also on the geometry of the
shell middle surface as well,

In general, material translatious lead to conservation laws only for
developable surfaces (cylinders and conmes). Circular cyliandrical and coni-
cal shells allow material rotstions {f the state of loading and deformation
is rotationally symmetrical. In addition, rotation of a closed ring of a
shell of revolution in circumferential direction is independent of the width
of the ring chosen in the meridional direction.

These transformations lead to conservation laws in a first-order shell
theory, 1f terms of the game order of magnitude are neglected, which were
omitted in the derivation of the first-order theory, i.e. if errors are
admitted as acceptable in the sense of Koiter.

® — At present a ﬁsitot at the Division of Applied Mechanics, Stanford
University.
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ISOVECTOR FIELDS AND SELF-SIMILAR SOLUTIONS FOR POWER LAN CREEP

T.J. Delph
Department of Mechanical Engineering and Mechanics
st
Isovector methods represent a recent and promising mathematical tech-
nique for obtaining information concerning the behavior of solutions of ‘
systems of l1inear and nonlinear partial differential equations. Appii- {
cations of the technique include the generation of self-similar solutions,
conservation laws, and Backlund transformations, depending on the system
of equations under consideration. The major disailvmitage of isovector
methods {s the cnormous amount of algebra involved in calculating the
equations defining the isovector fields. This difficulty has now been ‘
i largely overcome with the development by Edelen of computer programs written
| in a symbolic manipulation language which automatically carry out the { ]
necessary calculations. ) ﬁ '
Isovector techwiques have recently been ippliad to the study of the 4

‘ governing equations for a power-law creeping body with elastic strains,

v considering Both antiplane and plane strain deformation. The results
yield a one-~parameter family of self-similar solutions wiich generalize
to some extent self-similar solutions recently obtaimed by Riedel. 1In
addition, 1t is proved that these are the only extent set of self-similar
solutions. Conservation laws for power law creep with elastic strains
were found not to exist.
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